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SURFACE IONIZATION METHOD OF DETECTING 
HALOGEN-BEARING GASES 

by 

Harvey A. Schultz 

ABSTRACT 

In an experimental investigation of positive ion pro
duction at heated surfaces, the primary objective was to 
develop a stable quantitative detector suitable for studies of 
movements of a gaseous tracer in the atmosphere or other 
large gaseous masses . Freon-12 (dichlorodifluoromethane) 
is well qualified as a tracer, since it is harmless to animals, 
plants, and equipment under ordinary conditions, is undetect
able, except by special apparatus, and is not too expensive, 
considering that 0. 1 ppnn may be detected. Two phases of 
the work are discussed: the modification of a commercial 
detector to improve its reproducibility, and the investigation 
of the mechanism responsible for halogen sensitivity. A 
multiple-step process is involved. Steps studied included 
thermal decomposition of the Freon. release of alkali from 
a heated source and transfer through the carrier gas to a 
surface at high temperature, ionization, and ion collection 
by an electric field. Sensitivity may be lost by raising the 
halogen concentration enough to make ionization or ion col
lection the rate-controlling step, and this change is not im
mediately reversible. 

INTRODUCTION 

For many years there has been need for an instrument which could 
be used for the direct study of atmospheric diffusion by means of gaseous 
tracers. One device on the market, the General Electric Type H Leak 
detector, met part of the requirements. The purpose of this project was 
to refine this instrument to meet the demands of the diffusion study. 

The term "atmospheric diffusion" used here refers to a process 
more complicated than gaseous diffusion in the ordinary physical sense. It 
covers all the mechanisms by which gases from a source, such as a stack. 
are mixed and diluted in the atmosphere, and includes ordinary diffusion, 
convection, and effects of the wind. A device suitable for the study of 
atmospheric diffusion would find additional application in the tracing of 
gases within enclosures, such as buildings, ducts, and stacks. 



The reason for seeking a gaseous t racer was that P - ^ i c l e s and 
^n ^„t Fven if the test bodies were so small that 

droplets tend to settle out ^ven if the mate r i a l would accu-

settling would be - - J - f ^ ^ ^ ^ ; ; ^ ; ^'^.t locat'ion and be dislodged by air 
mulate during repeated tests at tne 
movements or traffic to interfere in later tes ts . 

An ideal t racer would be a gas that is ^'^l.^^^^^^'j^^^ZT^eV^^'^ 

able, relatively inexpensive, piece of equipment with sensitivi y g 
that the cost of the test gas would not be prohibitive, 

Freon-12 (dichlorodifluoromethane), a refrigerant, fulfilled the 
requirements f o r i t racer gas because it is odorless, - l - ^ ^ - ^ ^ ; ; , - ; 
to animals and plants, chemically inert at - b i n a r y tempera tures readily 
available, and not too expensive to use in view of the great - n s i t i v i t y of 
the General Electric Detector. This detector is portable and not too 
expensive. Other detectors were considered, but this type seemed to be 
the most promising, although it did give only qualitative indications. 

This report covers studies of the commercial detector, of modifi
cations made to it, and of experiments designed to study its mechanism of 
operation. Much of the mater ia l treated here has been available previously, 
but only in Quarterly and Semiannual progress repor t s . The resu l t s of 
meteorological field tests have already been published elsewhere, and will 
not be repeated here.^ ' 

This paper is divided into 2 major sections. The first covers the 
commercial detector and improvements. The second covers studies of 
various processes which take place in such a device, including thermal 
decomposition of Freon, sensitization of a heated ionizing surface, t r an s 
portation of gaseous reactants, ionization, and collection of ions. 

I. THE COMMERCIAL DETECTOR AND MODIFICATIONS 

A. Description of the Type H Leak Detector 

The General Electric Type H Freon detector, a compact instrument 
of simple overall design, consists of a sensing unit, with a pistol gr ip to be 
held in the hand, and a cabinet small enough to be suspended from the 
shoulder. The sensing unit contains the sensitive element and a smal l fan 
to pull the air sample through the element. The cabinet contains a power 
supply and a measuring circuit. The quantity measured is the ionic con
ductivity between 2 electrodes separated by a thin layer of air at high 
temperature and atmospheric p r e s su re . 



In the sensitive element, the air ia drawn through the annular 
channel between 2 concentric cylindrical electrodes of thin platinum. The 
inner cylinder, which serves as anode, encloses a heater consisting of a 
ceramic core wound with a platinum filament. The outer cylinder, which 
serves as collector, is heated indirectly, by energy transfer across the 
gap. The outer cylinder is supported only at the ends and is insulated 
from the surrounding walls by a layer of air. The outer cylinder is 
0.7 cm in diameter by 4 cm in length, and the inner is 0.5 mm in diam
eter by 3 cm, so that the gap is 0. 1 cm. The potential difference across 
the gap is 300 volts. The anode is operated at around 900^C. 

This detector responds,with increases in the ion current, to traces 
of Freon 12 in atmospheric air, in the ppm range. The device is therefore 
a very effective leak detector. Since the response is not a unique function 
of the Freon concentration, the original leak detector could not meet the 
exacting requirements of the problem of atmospheric diffusion. 

B. Modification of Equipment and Operating Conditions 

The leak detector was developed into a laboratory apparatus suitable 
for quantitative measurements within the range of Freon concentrations 
from 0 to 10 ppm. The modified unit eventually used for the published field 
tests^ ' retained from the original equipment only the heater, the anode, and 
the collector. 

The auxiliary equipment was modified first. A strip-chart ion-
current recorder and a temperature-control circuit were added, variable 
collecting potential was provided, and the gas-handling system was improved. 
The circuit for temperature control utilized a thyratron triggered by a phase-
shifting network in which one arm was the temperature-dependent resistance 
of the platinum heater. The gas-handling system was modified by adding a 
flowrator and a throttling device, by reducing leaking, and by replacing the 
fan with a vacuum pump. or. in some cases, by gas under pressure. For 
mixing special atinospheres, a half-cubic-meter tank was provided. 

After these modifications to the auxiliary equipment, the ion current 
across the air gap was much less erratic than formerly, but it still varied 
slowly with time. It was found that humidity variations were partly respon
sible for this slow drift. To eliminate these variations, arrangements were 
made to reduce the concentration of water vapor to a very low level. For 
laboratory studies of the equipment, the air could be dried before any Freon 
was added. For more general applications, it was possible to dry the air 
with cold traps. 

In general, the background ion current (without Freon) diminished 
throughout the day, whether Freon was added to the air from time to time or 
not. The rate of this decay was not always the same. In some cases, the rate 
could be reduced or practically eliminated by adding to the air hydrogen in 
concentrations of 3 or 4%. 



The sensitive element and its enclosure were also modified as the 
development program continued. A new detector "head" was designed to 
reduce air leakage, to make it possible to change the mate r i a l of the col 
lector, and to provide for variable external cooling of this electrode This 
head exhibited the best stability yet obtained, but it still did not nrieet the 
requirements of the project. Quantitative resul ts became possible under 
limited conditions. Samples for a number of field tes ts were analyzed 

with this equipment.^•'' 

Other data obtained with this head indicated that Freon sensit ivity 
was the result of a multiple-step process and was not due to a simple 
reaction. It was concluded that it would be necessa ry to control each step 
in order to achieve the desired long-range stability. This led to a differ
ent type of investigation, which will be treated in Pa r t II. 

II. STUDIES OF THE MECHANISM 

An understanding of the mechanism of operation of the General 
Electric Type H sensitive element was sought in order to be used as the 
basis for the development of an instrument more suitable for quantitative 
results . The experimental investigation of the mechanism was s tar ted 
with the commercial detector modified as described in Pa r t I. It was 
possible to determine the effect of heater temperature , collecting potential, 
rate of flow, gas composition, time, and collector mater ia l . After a com
bustion furnace had been added to the system, it was also possible to deter
mine the effect of preheating the gas. The resul ts indicated that a 
multiple-step process was involved. Consequently, special apparatus of 
several types was built and used in the investigation of par t icular s teps. 
The objective was to control the entire process by controlling each step. 
Partial success was attained, as described below. 

A. Thermal Decomposition of Freon 

Analysts have found that organic fluorides are ra ther difficult to 
decompose.^ ' One of the reasons for choosing Freon-12 as an atmospheric 
tracer was its great stability at ordinary t empera tu res . Evidence that 
Freon was decomposed in the detector was obtained when the test gas was 
heated in a quartz combustion tube before being admitted to the modified 
commercial detector. 

The preheating of the gas was par t of an unsuccessful at tempt to 
stabilize the net ion current at a "saturat ion" value corresponding to an 
integral number of electronic charges per molecule. The number was 
expected to be 1, 2 or 4, corresponding to one CCI^F^ ion, either 2 CI ions 
or 2 F ions, or 2 Cl"*' ions and 2 F"*" ions. 



Without Freon, the "background" Ion current was found to have the 
s a m e value whether the air s t ream was preheated or not. This background 
increased with temperature in the range from 900 to lOSO'C and d e c r e a s e d 
with increas ing rate of air flow in the range from 6 to 180 m l / m i n ( see 
Fig. 1). 
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Fig. 1 

Effect of temperature, rate of air flow, and 
preheating of the air-Freon mixture upon 
(he ion current produced in a modified 
commercial detector. The rate ol Freon 
flow was 8 X lO' ml/min, independent of 
the rale of air flow. To preheat, the gase
ous mixture was allowed to flow through a 
combusuon tube before reaching the 
detector. Tube size was 0.8 cm inside 
diameter by 30 cm heated length. The 
temperature was 1000°C. 

ICO 
*K* FLOMUTf .1 

With Freon introduced into the air s t ream the ion current depended, 
in genera l , upon whether the gas was preheated or not. Without preheating, 
the net ion current under a constant rate of Freon flow varied in the same 
direct ion as background, increasing with increasing temperature and de
creas ing with increasing rate of air flow. The maximum value of the net 
ion current was equivalent to 2.7 e lec tronic charges per molecu le . This 
value was obtained at 1050°C and 6 m l / m i n , r e spec t ive ly the highest t e m 
perature then cons idered safe to this equipment and the lowest flow rate 
cons idered to be pract ical . Preheating the gas in a quartz combustion 
tube, 0.8 cm in d iameter by 30 cm long (heated portion), at 780-1000''C did 
not improve upon this maximum value of ion current. The net ion current 
s t i l l increased with increas ing detector temperature . However, in a s e r i e s 
of t e s t s with the furnace at 1000°C the net ion current for constant rate of 
Freon flow actually increased with increas ing rate of air flow, a trend 
complete ly opposite to that observed without preheating ( see Fig. l ) . This 
indicated that heating of the Freon in the presence of air and quartz pro
duced an outstanding change in the propert ies of the Freon. In fact, there 
• e e m e d to be 2 different p r o c e s s e s involved, an "activation" and a s lower 
"deactivation," s ince the effect of the furnace was to increase the ion 
current if the flow rate was high (180 m l / m i n ) , but to d e c r e a s e it if the 
flow rate was lower (25 m l / m i n ) . 
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The "activation" was undoubtedly due to the thermal decomposition 
,o=^„= nrnducts. This conclusion is supported by tne 

of Freon to form gaseou f j ° f =^ -̂ ^^^ ^^^^^^s of laboratory tes ts 
li terature on halocarbons, V ' ^ ^'^'^^1^° J ^ .^^ The undesirable "deac-
r-^rried out with combustion tubes at a later t ime. 
ivat on" w a l probably due to the removal of the decomposition products 

f om the air sUeam, l y the walls of the combustion ^^^^J^^^l^J^^l'^ 
such as the brass tubing and the screws at the entrance of the detector . 

Within the sensitive element itself, the temp^^^ '^^^^"" '^ '^.^ " 7 " " 
age transit times were normally high enough to P ^ ° ' ^ - < ^ / . ^ ' ^ ^ ^ ^ ^ ^ ^ j , , 
complete, thermal decomposition. Since the ion current depended upon 
degree of decomposition of the Freon entering the sensitive element, it 
must also have depended upon the probability of decomposition withm the 
element, and probably upon the place of decomposition. Smce the flow 
was laminar, the transit time varied across the channel. Due to factors 
such as these, the detector itself was far from suitable for studies of the 
mechanism of operation. Consequently, it was reserved for routme m e a s 
urements, while various special pieces of equipment were built for the 
study of specific steps of the detection process . 

The first step obviously was to decompose the Freon completely 
before it was made available to the next step in the p rocess . The decom
position step was subjected to only a limited experimental study, since 
methods suitable for complete decomposition had already been developed.V I 
Twodifferentmethods wereused in preparing gaseous mixtures for exper i 
ments on subsequent steps of the detection process . One was to mix the 
Freon into the air and then pass the mixture through a combustion tube at 
high temperature to decompose the Freon. Another method, suitable for 
laboratory studies, was to use chlorine instead of Freon. 

The relative effectiveness of different sets of conditions upon the 
thermal decomposition of Freon were determined by permitting the gas 
to flow from the combustion tube and to bubble through sodium carbonate 
solutions, which were then analyzed for the take-up of chlorine. Freon 
itself passed through undetected. 

B. Alkali "Sensitization" 

The first detector built entirely at Argonne was sensitive to Freon 
in only a transient manner. The background ion current , as well as the 
net ion current due to constant Freon intake, decreased rapidly with t ime 
and did not recover. It appeared that some essential factor was missing 
from this apparatus. It was found that the detector could be resens i t ized 
by adding compounds of the alkali metal se r i e s . Through subsequent study, 
many features of the sensitization step have been clarified, but some other 
features have remained more or less obscure. 
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1. Alkali in the Furnace- type Unit 

In des igning the f irst r e s e a r c h detector , tht- number of differ
ent n ia ter ia l s was held to a min imum. A straight quartz tube with ver t ica l 
ax i s contained 2 platinum e l e c t r o d e s , a wire along the axis and a cyl inder 
cover ing the inside surface of the tube. A cyl indrical e l ec tr i c furnace was 
used to heat the middle portion of the tube. The test gas flowed ver t i ca l ly 
upward. The or ig inal transient sens i t iv i ty was probably due to impuri t i e s 
or surface contaminants , which were subsequently removed gradual ly 
from the react ion zone. 

The r e s u l t s of 2 invest igat ions sugges ted that compounds of 
the alkali m e t a l s be tr ied as the sens i t i z ing agents . One invest igat ion was 
the spectrographic ana lys i s of sanip les obtained by washing the sur faces 
of the e l e c t r o d e s of the modified c o m m e r c i a l detector with dilute nitric 
acid. The e l e m e n t s found and their suspected s o u r c e s were: Cu from the 
shell; AI, Si, Mg. Ca, Li, Na, and K for the c e r a m i c heater core; Fe and Ni 
from the connecting lugs of the co l l ec tor and Cb, not present in all so lu 
t ions, source doubtful, poss ib ly from the c e r a m i c . In the other inves t iga 
tion, F r e o n - 12 was admitted to a m a s s s p e c t r o m e t e r . Before it was 
admitted, a tungsten fi lament yielded Li, Na, K, and Rb ions. The Freon 
produced a 20-fold i n c r e a s e in the Li intensity while the other in tens i t i e s 
remained e s s e n t i a l l y the s a m e . 

Compounds of the alkali m e t a l s l ithium, sodium, potass ium, 
and c e s i u m were tried as sens i t i z ing agents in the quartz tube of the 
furnace-type detec tor . The m a t e r i a l s were added by var ious methods , 
including dipping the e l e c t r o d e s into so lut ions , drawing vapor at high 
temperature into the detec tor , and blowing fine par t i c l e s into it. N i t ra te s , 
ch lor ides , and f luorides were tr ied. The m a t e r i a l in the detector was 
s o m e t i m e s redis tr ibuted by g a s e o u s d i s c h a r g e s in argon, or in mix tures 
of argon and hydrogen. Trea tment s of this kind produced an immediate 
increase in the background ion current and an eventual i n c r e a s e in the 
absolute Freon sens i t iv i ty ( i . e . . the average number of ions per molecu le 
of Freon) . In some c a s e s . Freon sens i t iv i ty was comple te ly lacking at 
f irst , but developed s lowly while the detector was operated. In genera l , 
the e f fects of the s ens i t i za t ion were only t emporary . Before long, both 
the background and the absolute s ens i t i v i ty d e c r e a s e d continuously with 
t ime . 

The r e s u l t s of these sens i t i za t ion e x p e r i m e n t s left many 
ques t ions to be a n s w e r e d before stable quantitative Freon d e t e c t o r s could 
be built. They did not e s t a b l i s h where the alkali should be placed for 
bes t r e s u l t s , how the sens i t iv i ty could be maintained constant for long 
per iods of t ime , which of the compounds was m o s t e f fect ive , or what 
m e c h a n i s m was re spons ib l e for the sens i t i za t ion . Part ia l a n s w e r s to 
these p r o b l e m s were sought through a survey of tin- i-.iih.T r-xtensive 
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literature on the ionization of alkalis. Also, information was sought from 
seve rS organizations outside Argonne. On the basis of the information 
collected, the experimental attack was continued. 

2. Controlled Sensitization 

In subsequent experiments upon the sensitization step the 
objectives were to explain the mechanism of this step and to develop 
m hods for controlling it without interfering with other e - e n U a ^ p r o c -
esses The approach was to study the effect of the distribution and 
temperature oTalkali compounds upon the stability and halogen - n s i U v i t y 
of laboratory-built detectors and to study, by independent methods, the 
effect of gaseous halogen compounds upon heated alkali compounds. AU 
this work was carried out in gases at atmospheric p r e s s u r e . 

Based upon the distribution of alkali, all laboratory-buil t 
ionization units might be characterized as "directly loaded," " separa te -
source," or "no-source" models. The directly loaded units were those 
in which the ionizing surface was coated with alkali-bearing ma te r i a l s . 
In separate-source units, the ionizing surface was not coated, but alkali 
was supplied from an auxiliary heated source nearby. In no-source 
models, no alkali was present, except possibly in regions at low tempera
ture or remote from the ionizing surface. 

In the laboratory-built models, the ionization was usually 
produced at a filament of platinum or of Nichrome (composed of nickel, 
iron, and chronium) or Chromel A (80 Ni-20 Cr); glass and ceramic 
surfaces were also tried. The auxiliary alkali source was another fila
ment, or some sort of cup or boat. 

The directly loaded surfaces were found to be sources of 
positive ions at temperatures above about 700°C, but they were insensitive 
to Freon or its decomposition products. The separa te - source units p ro
duced ions when both the ionizing surface and the auxiliary source of alkali 
were heated sufficiently and the ionizing surface was made positive re l a 
tive to a collecting electrode. Some of these separa te - source units were 
definitely sensitive to gaseous halogen compounds. No-source units gave 
only low, transient ion currents , as in the case of the furnace-type detec
tor before alkali had been added. Therefore, only the separa te - source 
type of unit was deemed worthy of further investigation. 

In designing units to be used in the study of the details of the 
sensitization process, the source of ionizable mater ia l was isolated and 
an independent temperature-control circuit was provided for it. Two of 
the designs are shown in Figs 2 and 3. The electrodes were so a r ranged 
that vapor from the source was car r ied a short distance to the filament, 
by natural or forced convection. 
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Fig. 2 

In)ecior-type, a lk i l i -
sensiiized halogen 
detector (left) and the 
injector alone. 
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Fig. 3 

Electrode anangement In the closed-
veuel unit,and topvlewsof 2 designs 
of boat. The luaight boat was re
placed by the C-ihaped boat to im
prove the temperature iinifonmty. 
The material was platinum. The 
cuirent leads are marked (1). the 
thermocouple and voltage leads (2). 
The filament was on the side opposite 
leads (2). 
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In the earl ier of these 2 models, the "injector-type" detector 
of Fig 2, two independent gas s t reams were merged in the space below 
the filament. The purpose of this feature was to determme whether it 
was nec^Isary fo r ' he halogen gases to contact the alkali at its source -
Whether it wa only necessary for both types of compounds to contact the 
Ton in lament. ^This detector yielded important information about the 

fLcts'of temperature and collecting potential. However, the ^ e - g - - a s 
not completely satisfactory. Its principal shortcomings were that the 
f °eld s t rLg th was not uniform at the surface of the filament and that e e^ 
vated temperatures prevailed at the collectors and the injector wall, also 
at the outside envelope, even though external cooling was provided by a 
vertical air blast. Also, the Chromel A filament appeared under low 
magnification to have a nonuniform surface and to change with t ime. P la t i 
num was not used in the flat-spiral design because it deforms very easily 
after heat treatment. 

In the "closed-vessel" type of ionization unit, the deficiencies 
of the injector type were overcome by means of the electrode ar rangement 
of Fig. 3, with the axis vertical, and by using a relat ively large bell as an 
enclosure. The gas enclosed by the bell was recirculated by natural 
convection. 

Studies of these 2 units indicated that stable operation as a 
halogen detector required strict regulation of the tempera ture of the 
source of alkali, since the ion current increased 2 to 4% per degree centi
grade, whether gaseous halogen compounds were present or not. In con
trast, the ion current was relatively insensitive to the filament tempera ture 
and to the collecting potential, provided these 2 var iables exceeded minimum 
values. The effect of all 3 variables: boat tempera ture , filament tempera
ture, and collecting potential, upon the background ion current in the closed-
vessel type of unit will be discussed below, under "Ionization and Collection." 

3. Halogen Effect 

In the study of the halogen effect, one hypothesis was that alkali 
atoms were released from a source at a greater ra te when reactive halogen 
gases were present. Direct experimental evidence for this phenomenon will 
be presented. However, it has not been proved that this is the only mechanism 
which will produce a halogen-induced increase in the ion current . 

The increased rate of re lease of alkali was first demonstrated in 
connection with studies of the thermal decomposition of Freon. Air was 
passed through a platinum-lined, horizontal combustion tube containing Li^O 
formed by decomposition of Li^COj. The tube was heated to 1000°C. With 
3% Freon added to the gas stream, a white deposit formed quickly in the cool 
downstream end of the tube, where there had been no observable deposit 
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when air without Freon had been used. Both this deposit and the material left 
in the heated portion of the tube gave positive tests for Li, Cl, and F. It must 
be noted that the Freon concentrations were very much higher than usual. 

A number of quantitative measurements of the rate of release 
of alkali by chlorine were obtained by Mr. R. G. Hussey and the writer. 
The source of ionizable material was a boat similar to the C-shaped model 
used in the bell-type ionization apparatus in Fig. 3. This platinum foil 
boat, loaded with potassium carbonate, was mounted on a standard taper 
joint so that it would be positioned near the center of an inverted one-li ter 
spherical flask of dry argon during experimental runs. Flame photometer 
techniques were used to measure the total amount of potassium deposited 
upon the walls of the flask. Most of the deposit was inside a circle about 
5 cm in diameter, directly above the boat. Boat temperatures of approxi
mately 720°C and 790''C. higher than normally employed in ionization ex
periments, were chosen so that techniques for sample collection and 
analysis could be established while using test runs of moderate length. 
Background (no halogen) experiments gave an energy of activation of 2. 1 ev 
for the overall process. Chlorine was used as the halogen test gas to 
simplify the experiment. 

The results are collected in Table I. 

Table I 

RELEASE OF POTASSIUM FROM A BOAT BY CHLORINE 
ADDED TO ARGON ATMOSPHERE 

T e m p . 

•c 
7^0 
7Z0 

791 
808 

788 
785 

794 

il 

Cl , . 
mlfb) 

0.1 
O.l 

0.1 
O.l 

0.1 
O.l 

0.^ 

O.l 

T i m e , 
hr 

1 

0.5 
0 .5 

1 
1 

0.5 

0.Z5 

DepoBits . '̂ 0 

During React ion 

Croaa . 
% 

54 
55 

}4 
54 

37 
34 

30 

0 

Net.*-:' 
% 

51 
49 

Zb 
ib 

i\ 
18 

ib 

0 

of Ideal(a) 

Remainderl"" 

Net. 

% 

21 
i 

3 
4 

0 
6 

48 

4 
iliO'C) 

Half- l i fe of 
Remainder , hr 

0.8 

0.6 

(a) Ideal dapoati ca lcu la ted at (he rate of one K atom per each Cl 
a tom added to the argon. 

(b) At a t m o i p h e r l i t e m p e r a t u r e and p r m a u r e . 

(c) Net depos i t le groa> deposi t l e > i background (no Clj) deposi t 
c o r r e s p o n d i n g to the s a m e t e m p e r a t u r e and t ime . 

(d) Obtained In argon a t m o s p h e r e , with no add i t ives . 
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Chlorine increased the average rate of potassium deposition every time it 
wasTsed. However, the effect was quite small in the case m which the 
Trgon-chlorine mixture was allowed to stand at room tempera ture (27 C) 

r d s i r i n X t c h ' : " b s L t l t n e r d e p o s i t (above background) was obtamed 
by operation in argon alone after the argon-chlorine mixture had been 
removed. 

A complete interpretation of these resul ts cannot be established 
from the data themselves. Determinations of the chlorine content of the 
deposits and of the exhaust gas would have been helpful. Some of the chlorme 
(not over 17% was lost due to the filling of the connecting tubing and due to 
thermal expansion of the gaseous mixture. If each K atom of the deposit was 
bonded to one Cl atom, then amounts of Cl^ ranging up to near ly one-half of 
the total were left unaccounted for. Possibly these portions were pumped 
out at the end of the reaction, adsorbed, or taken up in some other manner. 

The amount of potassium deposited as KCl was quite likely 
intermediate between the "gross" and the "net" values of the table. Just 1% 
of 0.1 ml Clj would have been enough to cover the surface of the mate r i a l 
in the boat with a KCl layer lO' atoms thick, if the Clj penetrated that 
deeply. The "remainder" of Table I must have been held over in the boat 
as either a layer of KCl or a mixture of KCl and K2CO3 (or K^O). It should 
be noted that the melting point of KCl is 776°C, between the 2 regions used 
in the experiments. During the "reaction" portion of the experiment, any 
potassium leaving the boat as K^COj or K2O might have reacted with CI2 in 
the vapor phase and then been deposited as KCl. Thus, it was established 
that chlorine released potassium from a heated boat at an increased ra te , 
but no certain conclusion was drawn as to the details of the p rocess . 

C. Mechanics of the Gaseous Medium 

Nearly all the ionization experiments were carr ied out in a gas at 
atmospheric pressure, since the proposed application of the ionization 
process was the measurement of the concentration of gaseous t r a c e r s in 
atmospheric air. Aside from any chemical effects the major gas may have 
had, it served to transfer ionizable mater ia l to the ionizing surface, to 
carry heat away, and to influence the process of ion collection. The transfer 
of ionizable material was essential to the operation. The other 2 effects 
were, by comparison, of incidental nature. All 3 processes depended upon 
the geometrical arrangement of the electrodes as well as upon the proper 
ties of the gas. A variety of electrode arrangements was tried, depending 
upon the materials utilized and the tes ts that were planned, but no real ly 
systematic study of geometrical factors was made. Sources of ionizable 
material which were "downstream" from the ionizing surface operated 
satisfactorily in all cases, except one, in which there was a narrow connect
ing tube, which presumably removed all the ionizable mater ia l through con
densation upon its walls. 
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1- Phys ica l Effects of the Major Gas in the Injector-type Unit 

The in jec tor - type unit was the first to be built with a separate 
source of ionizable mater ia l under independent control. Most of the param
e t e r s studied with this unit were later re invest igated, under more s tr i c t ly 
control led condit ions , with the c l o s e d - b e l l - t y p e unit. However, the bas ic 
injector principle , which employed I separate channels of flow, was not 
duplicated in any other unit. 

The e l ec t rode arrangement is shown in Fig. 2. The source 
of ionizable mater ia l was an e l e c t r i c a l l y heated, a lka l i - treated spiral 
heater mounted in the open end of the injector. The tracer gas could be 
introduced into either the injector channel or the main channel. This 
detector was supplied with 3 separate ion c o l l e c t o r s , which could be used 
separate ly or connected in paral le l . The ionizing filament was a flat 
spiral , and the gas flowed perpendicular to its plane. Two c o l l e c t o r s 
were on the s ide f irst contacted by the moving gas s t ream, one on the 
other s ide , in paral le l p lanes , each 1 1 mm from the plane of the f i lament. 
The Z c o l l e c t o r s on the f irst s ide were the tip of the injector heater and 
a ring in the main flow channel. The co l lec tor on the opposite s ide of the 
fi lament was a flat spiral . This arrangement of co l l ec tors made it poss ib le 
to obtain information about the re lat ive rate of ion production a s s o c i a t e d 
with different parts of the f i lament. 

This detector was found to be sens i t ive to Freon decompos i t ion 
products (decomposed by passage through a combustion furnace) in either 
channel so long as the injector heater was on. Sensi t iv i ty to these products 
in the injector channel may be explained as due to an increase in the rate 
of r e l e a s e of ionizable mater ia l , but the reason for sens i t iv i ty to decoinpo-
sition products in the main channel has not been es tabl i shed . The rates of 
flow were low, usual ly 30 m l / m i n in each channel. Under these conditions 
the average l inear ve loc i ty in the injector channel was 30 t i m e s that in 
the main channel, so there appears to have been little chance for decompo
sition products in the main channel to have come into contact with the 
heater spiral . It was thought that mater ia l might have been r e l e a s e d from 
the outside of the injector tube, yet this tube could be removed, washed 
thoroughly with aqua regia , r insed with dis t i l led water, dried, and replaced 
without affecting the sens i t iv i ty of the apparatus to Freon decompos i t ion 
products in the main channel. 

If the injector heater was turned off, the background ion current 
dropped quickly to a very low value and the Freon sens i t iv i ty d isappeared. 
On the other hand, if the gas flow through the injector was stopped, the 
background ion current just d e c r e a s e d to a new stable value, and the re lat ive 
halogen sens i t iv i ty ( s igna l - to -background ratio) increased s l ightly over the 
value obtained with equal vo lumetr ic rate of flow in both channels . Appar
ently, ionizable mater ia l was being supplied froni the injector by diffusion 
and by natural convect ion. 



The relative rates of ion collection at the 3 collectors were 
nearly the same whether halogen-bearing gases were present or not. The 
major portion of the positive-ion current was made up of ions which 
moved in a direction opposite to the direction of gas flow, to be collected 
by the injector heater and the concentric ring in the main channel. The 
exact distribution varied with the conditions of operation, but the 2 collec
tors below the ionizing filament usually accounted for 70 to 80% oi the 
ion current, indicating that most of the ions were formed on the side ot the 
filament first reached by the gas s t reams . The ring in the mam channel 
received some 60% or more of the total ion current to the 3 col lectors . 

2. Physical Effects of the Major Gas in the Closed-vessel- type 
Unit 

Very striking gas-related differences in ion current were 
observed when a comparison was made between the use of the two noble 
gases helium and argon as car r ie r gas in the c losed-vessel- type apparatus. 
Under conditions as nearly identical as possible, the ion current in helium 
was 5.7 times that in argon. Under the same conditions, the rate of loss 
of heat from the filament in helium was 3.2 t imes that in argon. It was 
thought that these 2 effects might be closely related. However, a study of 
the possible relation indicated that the heat transfer effect was very prob
ably due to differences in the convection processes in the 2 gases , but 
that these differences alone could not account for the 5.7-to-l rat io of ion 
currents. The ion-current effect appeared to be almost entirely due to 
differences in the rate of diffusion of ionizable mater ia l in the 2 c a r r i e r 
gases. 

The closed-vessel-type unit was designed to have a uniform 
ionizing surface, a uniform electric field at this surface, and a single, 
controlled, source of ionizable material . The electrodes sketched in 
Fig. 3 were located near the center of a bell jar , 9 cm in inside diameter 
by 18 cm high. The unit was built with relatively wide spacings to 
minimize the possibility that extraneous sources of ionizable mate r ia l 
might develop, due to the heating of the collectors, the e lect r ical leads, 
or the walls of the enclosure. All electrodes were of platinum, which is 
oxidation resistant and can be obtained as wires and sheets, quite free 
of alkali except possibly for surface contamination, which can be removed 
by washing with water and then flaming. Unfortunately, platinum is quite 
soft after annealing. To keep the vert ical filament straight in spite of 
thermal expansion, the lower end was attached to a flat tungsten spring 
adjusted so that the tension was very low when the filament was heated. 
The collectors and guard rings were connected by tungsten wires to 
Inconel posts which served as supports and electr ical leads through the 
base plate below the bell jar. These 4 Inconel posts and the 2 used for 
the filament were located on a 6. 5-cm-diameter circle concentric with the 
cross section of the bell jar. The potassium carbonate-loaded boat and its 
associated parts (electrical leads and supports) were assembled into a 
unit which fits into a standard taper joint through the base plate. 
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The condit ions of operation, for the re su l t s of this sect ion , 
were: (1) the fi lament t emperature and col lect ing potential were high 
enough so that the ion current dropped quickly when the boat-heating cur 
rent was turned off, and (z) the mot ions of the gaseous m o l e c u l e s inside 
the bel l were due ent ire ly to random thermal agitation and natural con
vect ion. Both g a s e s were p r o c e s s e d , at approximately 200 m l / m i n , 
through Z carbon dioxide traps (-78'^C), followed by a tube, 1.6 cm in 
d iameter by 20 cm long, filled with smal l p ieces of ca lc ium metal heated 
to 325°C. The fi lament was maintained at the same average temperature 
in the Z g a s e s (approximately 1300°K), but optical pyrometer m e a s u r e 
ments indicated that the temperature distributions along the length of the 
fi lament were somewhat different. 

The dependence of the rate of heat l o s s upon the gas was 
observed with var ious types of ionization equipment, with forced flow as 
well as with natural convect ion, and with a variety of pure g a s e s and 
mix tures . For instance, the power required to maintain the same average 
temperature at the anode was greater with nitrogen than with argon, and 
greater st i l l with nitrogen plus hydrogen as an additive. The pair argon 
and hel ium was part icular ly appropriate for study because the heat t r a n s 
fer ef fects differed great ly . 

Standard treatments of natural convection did not s e e m to 
be appl icable to the c a s e of the c l o s e d - b e l l ionization exper iments . In 
particular, they did not take into account the e x t r e m e l y smal l radius of 
the f i lament, the very large temperature difference between the filannent 
and the g a s . and the very high degree of expansion of the gas during the 
convect ion p r o c e s s . An attempt to take these features into account, in 
at l eas t an approximate manner, resul ted in the boundary- layer theory 
of the Appendix. The line of attack was s imi lar to that used by 
H. B. Squire^^' for the c a s e of a flat ver t ica l wall . 

The theory indicated that very s imple re lat ions ex i s ted b e 
tween the convect ion p r o c e s s e s in the Z noble g a s e s when used with the 
same fi lament at the same temperature . All the d i f ferences in the 
convect ion mechanisnns in the 2 g a s e s were linked to a s ingle property, 
the thermal conductivity of the gas at the temperature of the f i lament 
(1300'^) , which was approximate ly 8 t i m e s as great in hel ium as in argon. 
In a horizontal c r o s s sect ion through a given point on the f i lament, the 
calculated th ickness of the layer of moving gas var ied as the cube root 
of the conductivity, or as Z to 1, but the max imum ve loc i ty was the s a m e 
in the Z g a s e s . The indicated heat l o s s e s var ied as the -j- power of the 
conductivity, or as 4 to 1. The ratio of the theoret ica l heat l o s s e s 
agreed reasonably well with exper iment , but the actual calculated va lues 
were only a l i tt le m o r e than half of the exper imenta l va lues ( see Table II). 
This i s not surpr i s ing , as s o m e of the a s s u m p t i o n s of the theory were 
rather arb i trary . 
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Table II 

EXPERIMENTAL AND CALCULATED FILAMENT HEAT LOSSES. 
CLOSED VESSEL UNIT. FILAMENT APPROXIMATELY 1300 K. 

ntal Total power, experiment 
Radiation, calculated 
Conduction at ends, estimated 
Convection, by difference 
Convection, approximate theory 
Convection, empirical^ 

Heli 

34.6 watts 
1.5 
2.0 

31.1 
16.1 
2.04 

Argon 

10.7 watts 
1.5 
2.0 
7.2 
4.07 
0.71 

Ratio 

3.2 
1.0 
1.0 
4.3 
4.0 
2.9 

""using the relation obtained by Touloukian, Hawkins, and Jakob(5) 
for vertical cylinders. The values reported in ANL-5755V''^ were 
too high because of a computational e r ro r . 

A previous exploration of the heat loss problem, described 
in ANL-5755,(&) contained some e r ro r s which will be pointed out. It is 
now clear that it was incorrect to apply the Touloukian, Hawkins, and 

Jakob (5) 
empirica 1 relation for convection along vert ical cylinders, since 

the 2 systems were not dynamically similar . These workers used much 
larger cylinders, with much smaller temperature differences, in water 
and ethylene glycol. Their film thicknesses were much smaller than the 
diameters of the cylinders, and the inertial forces of the gas were much 
less important than the viscous forces. On the other hand, in the ioniza
tion experiments the diameter of the moving plume of gas was very much 
greater than the diameter of the wire, except for a very short starting 
section, and the inertial forces were much more important than the 
viscous forces. It was also incorrect to make a separate calculation for 
the effect of thermal conduction in the gas, following the method used by 
Furry, Jones, and Onsager'^) in their theory of thermal diffusion. They 
worked with very long narrow channels and with small tempera ture dif
ferences, so that convection velocities were very small . In the ioniza
tion experiments, the convection velocities were high enough that the only 
role played by thermal conduction was to transfer heat from the surface 
of the filament to the gas in the convection current . 

The ratio of 5.7 of ion currents in the 2 gases appeared to be 
much too large to be attributed to the differences in convection velocit ies 
and streamline configurations in the 2 gases. Streamlines were t raced by 
combining the boundary-layer theory of the Appendix with an equation for 
the continuity of mass . The streamline through the center of the boat 
approached the filament more closely in the case of argon than in helium, 
but the transit time was less in argon, so that these effects tended to 
balance out. These approximate calculations neglected the effect of the 
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boat power, equivalent to 2.5% of the filament power in helium, 4.4% in 
argon. Also, they neglected a possible retarding effect of the upper guard 
ring and of the upper portion of the collectors upon the flow process in 
helium. In spite of the uncertainties, it appeared that the convection proc
ess alone could not possibly be the principal cause of the gas-related ion-
current effect. 

Diffusion processes in the 2 gases remain to be considered. 
Just above the surface of the mater ia l in the boat the concentration of 
gaseous ionizable mater ia l corresponded to the vapor pressure of the 
mater ia l , and therefore depended upon the temperature but not upon the 
ca r r i e r gas. Material from this region diffused into the moving gas stream 
and continued to spread outward by diffusion as it was carried upward by 
convection. To estimate the ratio of the diffusion rates in the 2 gases. 
argon in helium and argon in argon were taken as models, and diffusion coef
ficients were calculated on the basis of classical collision theory, assuming 
Lennard-Jones intermolecular potential functions.(8) The ratio was 4.0 in 
helium to 1 in argon at the same temperature. However, the temperatures 
would actually be the same in the Z gases only at the boat, at the filament, 
and outside the plume of moving gas. Elsewhere, the temperature would be 
higher in the case of helium, and this would increase the effective ratio of 
the diffusion rates above 4.0 to 1. To estimate a practical upper bound for 
the ratio, diffusion constants were calculated, on the basis of the same 
model, for points lying on the streamlines through the center of the boat 
and between the horizontal planes defined by the ends of the collectors. 
The ratio of the average coefficients was 6.9 to 1. 

The exact nature of the ionizable mater ia l has not been deter
mined. Argon was used as the model because it is one mass unit above 
potassium in the periodic table. If the mater ia l had not been decomposed 
at all and had vaporized as potassium carbonate molecules (mass 138). 
xenon (I3l) would probably be a more appropriate model, and the above 
ratios would each be raised by about 20%. 

On the basis of this analysis, the ion current ratio of 5.7 may 
be regarded as composed of 2 factors, 4.0 and 1.43, if the argon model is 
used. The larger factor accounts for the higher rate of diffusion of ioniza
ble mater ia l into the moving helium and through it, at constant temperature . 
The smaller factor, near unity, represents the combined effects of the 
differences in temperature and velocity distributions associated with natural 
convection in the 2 gases . 

D. Ionization and the Collection of Ions 

Ionization and the collection of the ions are Z distinct steps 
in the mechanism of the halogen-sensitive positive-ion apparatus, but they 



are so closely interrelated that they will be treated in the same ^^ction. 
TO promote the 2 steps. 3 features are required: (l) a suitably located 
source of ionizable material , (2) a surface at high tempera ture , and 
(3) an electric field for ion collection. 

For the discussion of ion-current effects, the currents may be 
divided into 3 classes depending upon the nature of their origin: (1) r es id 
ual backgrounds, obtained when the regular source of ionizable mate r i a l 
is not heated directly, (2) backgrounds, obtained when the regular source 
is heated directly, but no gaseous chlorine compounds are used, and 
(3) chlorine-induced ion currents . 

The effects of temperature and of collecting potential upon ion 
currents were studied with various types of emission apparatus, starting 
with the commercial unit. In this unit, and in some of its successors as 
well the anode, the collector, and the gas between them were heated, so 
it was not possible to determine by varying the collecting potential whether 
the ions were predominantly positive or negative or whether equal numbers 
of each were produced by ionization in the interelectrode space. In later 
units, only one electrode was heated, and it was found that the ion current 
was due to positive ions formed at the surface of the heated anode. In 
addition, it was found that some of the transient ion-current effects ob
served in the early apparatus were due to adsorption of ionizable mate r i a l 
upon the anode. 

A set of experiments made with a straight platinum filament and a 
concentric cylindrical collector in dry air in a closed bell (see Fig. 3) will 
be described, to illustrate the effect of filament tempera ture , collecting 
potential, rate of supply of ionizable mater ia l , and time upon the background 
ion current. This work was done with the straight boat (see Fig. 3) before 
the C-shaped design was developed. The boat was charged with a small 
piece of potassium carbonate, a portion of a solid formed by melting a 
quantity of the powdered material in a platinum spoon by means of an a i r -
gas flame, then allowing the liquid to solidify. 

1. General Description of Results with the Closed-vessel Unit 

Experimental results obtained at a constant boat tempera ture 
(555'̂ C) were summarized by a 3-dimensional model (see Fig. 4) constructed 
to represent the dependence of background ion current upon filament t em
perature and collecting potential. Each of the ver t ica l cards was cut to 
represent a curve obtained by experiment. The entire assemblage of data 
might be represented by a curved surface covering the 3 sides of the model 
which are visible in the photograph. A general description of the resu l t s 
will be given first; explanations will be offered la ter . 
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Fig. 4. f\Mltlve-lon citfTent (upward) as a funcuon ol filament temperatures and collecting potential 
at a constant boat temperature of 555^0. with dry air In the closed-vessel unit. 

It wi l l be noted that the coordinates of the model are the loga
rithm of the ion current , increas ing ver t i ca l ly upward, lO' t imes the 
rec iproca l of the absolute temperature of the fi lament, and the square root 
of the co l lect ing potential, each of these increas ing from left to right in the 
photograph. Centigrade t emperatures , increas ing toward the left, are a l so 
shown on a nonlinear s ca l e . 

At the top of the model , above numbers 1, 2 and 3, the surface 
represent ing the data would l ie very nearly paral le l to the base of the 
model , s ince the ion current was e s s e n t i a l l y independent of the co l lect ing 
potential and of the fi lament temperature as wel l . To the right of this 
region, above the numbers 4 and 5, the ion current depended somewhat 
upon the f i lament temperature but very l ittle upon the col lect ing potential. 
The ion current a l so varied somewhat with t ime, approaching the equi l ib
rium va lues (plotted) by increas ing rather s lowly after the temperature 
had been changed. If the boat was turned off after operation in this region, 
ions were emitted at a d e c r e a s e d rate for a period of t ime afterward, 
indicating that some ionizable mater ia l had been "stored." In the reg ions 
of the surface so far d i s c u s s e d (adjacent to 1, Z, 3 and 4, 5), the ion 



cu r r en t would i n c r e a s e with i n c r e a s i n g boat t e m p e r a t u r e , but in the 1 ° * ^ ^ 
por t ions of the sur face the boat t e m p e r a t u r e affected only the r a t e a t wh icn 
an equ i l ib r ium value of the ion c u r r e n t was a p p r o a c h e d . In the r e g i o n m 
front of 7 the c u r r e n t was sa id to be " s p a c e - c h a r g e l i m i t e d . " It v a r i e d wi th 
collecting poten t ia l and s l ight ly wi th t i m e , but it did not v a r y wi th f i l a m e n t 
t e m p e r a t u r e or boat t e m p e r a t u r e . In the r e g i o n of the s u r f a c e in f ront ot 
8 9 and 6, the ion c u r r e n t depended upon f i l amen t t e m p e r a t u r e , c o l l e c t i n g 
potential , and t i m e , but not upon boa t t e m p e r a t u r e . Th roughou t the e n t i r e 
lower por t ion of the su r f ace , f rom 7 a l l the way a r o u n d to 6, i o n i z a b l e 
m a t e r i a l was s to red dur ing o p e r a t i o n . 

2. Effect of Boat T e m p e r a t u r e 

The effect of boat t e m p e r a t u r e upon the b a c k g r o u n d ion c u r r e n t 
in the c l o s e d - v e s s e l unit is shown by F ig . 5. As noted t h e r e , th i s g r a p h is 

a c o m p o s i t e of the r e s u l t s of a n u m b e r 
of d i f fe ren t e x p e r i m e n t s . The so l id c u r v e 
s u m m a r i z e s da ta ob ta ined wi th the f i l a 
m e n t t e m p e r a t u r e and co l l ec t i ng p o t e n t i a l 
both high enough to be on a " s a t u r a t i o n " 
p la teau , such a s found at the e x t r e m e top 
of the m o d e l of F ig . 4. The dot ted l ine 
HB shows a s l ight s p a c e - c h a r g e effect , 
a s at the far left uppe r c o r n e r of the 
mode l , whi le JD shows the effect of too 
low a f i l amen t t e m p e r a t u r e for the r a t e 
of d e l i v e r y of m a t e r i a l , c o r r e s p o n d i n g 
to the far r i g h t f ront p o r t i o n of the m o d e l . 
The b a c k g r o u n d ion c u r r e n t v a r i e d wi th 
boat t e m p e r a t u r e v e r y m u c h l ike a v a p o r 
p r e s s u r e . The e n e r g y of a c t i v a t i o n of 
the boat effect was 1.1 ev up to about 
600°C, then it i n c r e a s e d , b e c o m i n g 2.0 ev 
in the 700-750°C r a n g e . The r e a s o n for 
th i s change is not known. Any w a t e r of 
c r y s t a l l i z a t i o n should have gone off a t a 
m u c h lower t e m p e r a t u r e , and only v e r y 
s l ight d e c o m p o s i t i o n of K2CO3 into K2O 
and CO2 t a k e s p l ace a t the t e m p e r a t u r e s 
involved. (The m e l t i n g point of K2CO3 is 
891°C. The f lame p h o t o m e t e r m e a s u r -

ment s on the r a t e of vapor i za t ion without c h l o r i n e , d e s c r i b e d above , gave 
an energy of act ivat ion of 2.1 ev for the t e m p e r a t u r e r a n g e 720-790°C. 
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Fig- 5. Effect of the temperature of the 
boat upon the ion current with 
dry air in the closed vessel unit. 

3- Effect of Collect ing P o t e n t i a l 

The effect of co l lec t ing po t en t i a l in the c l o s e d - v e s s e l uni t i s 
plotted in F i g s . 6 and 7 for s e v e r a l c o m b i n a t i o n s of boa t t e m p e r a t u r e and 
fi lament t e m p e r a t u r e . 
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7. Effect of collecting potenual and fila
ment temperature upon ion current at 
constant boat temperature, with dry air 
in the closed vessel unit. 

N o d e t e c t a b l e i o n c u r r e n t s ( 1 0 " " a m p ) w e r e o b t a i n e d w h e n the f i l a m e n t 
w a s m a d e n e g a t i v e . T h i s i n d i c a t e d that e s s e n t i a l l y a l l the i o n s c o l l e c t e d 
e i t h e r a r o s e a t the e l e c t r o d e s o r w e r e s e c o n d a r i e s p r o d u c e d b y s u c h i o n s . 
E l e c t r o n i c e m i s s i o n at t h e c o l l e c t o r c o u l d b e r u l e d out b e c a u s e of the l o w 
t e m p e r a t u r e ( n e a r r o o m t e m p e r a t u r e ) and the l o w e l e c t r i c f i e l d (3 10 v o l t s / 
c m , m a x i m u m ) a d j a c e n t to i t s s u r f a c e . S e c o n d a r y i o n i z a t i o n w a s v e r y 
i m p r o b a b l e , s i n c e t h e e n e r g y g a i n e d by an ion f r o m the f i e l d w a s d i s s i p a t e d 
t h r o u g h f r e q u e n t c o l l i s i o n w i t h m o l e c u l e s of the a i r at a t m o s p h e r i c p r e s s u r e . 

F i l a m e n t T e m p e r a t u r e at 1460'T<. T h e c o l l e c t i n g - p o t e n t i a l 
e f f e c t s a t t h e h i g h e s t f i l a m e n t t e m p e r a t u r e ( 1 4 6 0 ° K ) a r e s u m m a r i z e d in 
F i g . 6 . 

If a l l t h e e l e c t r o d e s w e r e b r o u g h t to the s a m e p o t e n t i a l b y e x 
t e r n a l c o n n e c t i o n s , the m o t i o n s of p o s i t i v e i o n s p r o d u c e d at t h e f i l a m e n t 
a n d a t the b o a t w o u l d d e p e n d u p o n ( l ) c o n t a c t p o t e n t i a l , (2 ) g a s e o u s d i f f u s i o n , 
and (3 ) g a s e o u s c o n v e c t i o n . It m i g h t a t f i r s t a p p e a r that the c o n t a c t d i f f e r 
e n c e of p o t e n t i a l w o u l d h a v e b e e n z e r o b e c a u s e t h e e l e c t r o d e s w e r e a l l of 
p l a t i n u m . H o w e v e r , t h i s w a s not n e c e s s a r i l y t r u e , s i n c e the f i l a m e n t and 
t h e c o l l e c t o r w e r e a t d i f f e r e n t t e m p e r a t u r e s and m a y h a v e had d i f f e r e n t 



types of surface layers . If there were a contact difference of P°'-^^^f' 
could not be determined from the existing data of ion current vs c o U - t m g 
potential because of the interference of gaseous diffusion and convection. 

Even if the contact difference of potential had been just bal
anced out by an external potential, some of the gaseous ions produced at 
he surface'of the filament would have moved toward the coUecU^rs, due 

to gaseous diffusion. However, unless the charge density - J ^ i ^ s p ^ e 
were vanishingly small, the process of gaseous ^ f - ^ ° " ^ ^ ^ e t uP by the 
accompanied by an ion-drift process , due to the electr ic leld - * "? b^ ^^^ 
whole assemblage of gaseous positive ions. The potential would then pass 
through a maximum in the space between the electrodes. 

Gaseous convection currents parallel to the heated ver t ical 
filament also played a role in the motions of the ions at collecting poten
tials close to zero. Since the convection velocity was zero at the surface 
of the wire, ions formed there would first diffuse into the s t ream, then be 
carried upward and continue to diffuse. 

As the potential of the filament was increased relative to that 
of the collectors, the ion current rose steeply with the potential at small 
values of the potential, then levelled off rather abruptly at values of the 
ion current which depended upon the boat temperature . At points of the 
steep part of the curve in Fig. 6, the ion current did not increase when 
the boat temperature was increased. Also, the ion current did not drop 
at once to the "boat-off" value when the boat-heating-current was turned 
off, but continued at elevated values for a period ranging from a few min
utes to many hours, depending upon specific conditions. In some exper i 
ments of short duration, the charge recovery during this period was 
nearly perfect, as judged by the actual ion current and the saturation value 
at the same boat temperature. In experiments of longer t e rm the recovery 
•was less efficient. 

The high rate of increase of ion current with collecting poten
tial at small collecting potentials (see Fig. 6) appears to have been due 
primarily to a decrease in the rate of diffusion of gaseous ions back to 
the filament. The small electric fields near the filament would not have 
had any significant effect upon the probability of ionization at the surface. 
This effect will be discussed later. 

The lower portion of the family of experimental curves in 
Fig. 6 agrees quite well with the prediction of an old, simple theory of 
ion collection in a gaseous medium. The development below follows 
Thomsons' Conduction of Electricity Through Gases, Third Edition,(9) 
but uses cylindrical coordinates in place of Cartesian coordinates. The 
basic assumptions are: (l) gaseous ions are emitted at the filament at a 
constant rate, independent of the external electr ic field, (2) gaseous ions 
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adjacent to the fi lament are in thermal equil ibrium with the neutral gas , 
(3) all ions which col l ide with the filament are neutral ized, and (4) the ion 
current in the in tere lec trode space is ent ire ly due to a radial drift ve loc i ty 
proportional to the local value of the e l ec t r i c field. 

The e l e c t r o d e s are 2 long coaxial cy l inders of radii a and b 
with a V b. The inner one is the emit ter of posit ive ions and has the higher 
potential . In the in tere lec trode space , the e l ec tros ta t i c potential V and 
the pos i t ive charge per unit volume, p, are related to the radial distance r 
from the ax i s of the cy l inders through 2 differential equations: P o i s s o n ' s 
equation of e l e c t r o s t a t i c s , 

and an equation for the s t eady-s ta te current due to the outward drift of ions, 

i = Znrp, (- 1^) , (2) 

in which i i s the current per unit length of the filament (independent of r), 
fl is the ion mobil i ty , a s s u m e d to be a constant, and all e l e c t r i c a l quantit ies 
are e x p r e s s e d in absolute e l ec t ros ta t i c units to be cons is tent with the con
stant 4T used in P o i s s o n ' s equation. 

El iminat ion of p from the 2 differential equations y ie lds 

Lf)j-L^)-.^, . (3) 
\ dr / dr \ d r / ^l 

which may be integrated in two s teps . The first integral . 

('sr 
may be rewrit ten as 

r ' + constant (4) 

dV ^ M - ( r - - p - r (5a) 
dr \ M / r 

dV_ (iiY U±rr (5b) 



depending upon the sign of the cons t an t of i n t e g r a t i o n . The q u a n t i t i e s 
TTTzfA^^' (r^ - I Y ' . and (7^ + r^)"/^ a r e a l l t a k e n a s p o s i t i v e (or z e r o ) . 
A negat ive sign is chosen on the l e f t -hand s ide of equa t i ons 5a and 5b b e 
cause the inner e l e c t r o d e was a s s u m e d to have the h i g h e r p o t e n t i a l . 

The second i n t e g r a l s a r e given in m o s t t a b l e s , or they m a y be 

de r ived by changing the v a r i a b l e s . They m a y be w r i t t e n a s 

V(r) - V(b) = (-f-J^ ' [f(b) - f (r)] , (6) 

in which V(b) is the po ten t i a l at the ou te r e l e c t r o d e (r = b) and f(r) i s g iven 

by 

f(r) = ( r ^ - /3^) ' /^- / 3 c o s - ' ( | 3 / r ) (^a) 

or 

f ( r ) - ( y . r r ^ - 7 l n ^ - i ^ ^ ^ ^ ^ ^ . (7b) 

According to convention, ^ and 7 a r e pos i t ive (or z e r o ) and cos ( P / r ) is 

in the f i r s t quad ran t . 

Two bounda ry condi t ions a r e r e q u i r e d . One is v e r y s i m p l e : 

l e t 

V = 0 at r = b . (8) 

The other is based upon a r e l a t i o n f rom the k ine t i c t h e o r y of g a s e s . If 
t he re a r e n p a r t i c l e s of a p a r t i c u l a r kind per uni t v o l u m e of g a s n e a r a 
sur face and the i r r o o t - m e a n - s q u a r e ( r m s ) v e l o c i t y of a g i t a t i o n is C, t h e n 
nC/(67T)'' ^ such p a r t i c l e s wil l s t r i k e unit a r e a of the s u r f a c e p e r uni t t i m e . 
If these p a r t i c l e s a r e pos i t ive ions n e a r the f i l amen t and if e a c h c a r r i e s a 
charge e back to the f i lament , the c u r r e n t due to th i s b a c k w a r d diffusion 
wil l be neC/(67r) , in which ne is j u s t the c h a r g e d e n s i t y n e a r the f i l amen t , 
Pi- Accord ing ly , the second bounda ry condi t ion m a y be w r i t t e n a s 

2Tra P I C / ( 6 7 T ) ' / ^ = I - i , (9) 

in which I r e p r e s e n t s the g r o s s r a t e of e m i s s i o n p e r uni t l eng th of the 
f i lament . Combining th is with the f i r s t i n t e g r a l s ( equa t ions 5a and 5b) and 
the second of the o r ig ina l d i f fe ren t i a l equa t i ons (2), a l l e v a l u a t e d at r = a, 
the r a d i u s of the inner e l e c t r o d e , one ob t a in s 

P^ = - y = a^ fl - T 7 - r ^ ^ l • (10) 
\ 127T/i (I - i ) 7 
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It i s c l e a r that the P form of the solution will be applicable near i = 0. and 
the •) form near i = I: ili.- two forms agree when ^ = 7 = 0. 

Since a • u m liie exper imenta l set up (a /b = 1.15 x 10"^), 
^ < < b for al l /3 and the relat ion between the ion current and the potential 
at r = a may be reduced to 

V(a) = {Zi/n)"-' b . (11) 

The s a m e equation is a l s o applicable for the lower currents in the 7 range 
so long as 7 v v b. When the data of the uppermost curve of Fig. 6 and 7 
were replotted as i"^' vs V(a), the resu l t was very nearly l inear up to the 
sharp bend of F i g s . 6 and 7 (above 17 vo l t s ) . To determine a value for the 
mobi l i ty u, a straight line was drawn through the higher voltage points 
(7 to 15 v o l t s . 0.3 to 1.2 x 10"' amp), a s suming that smal l deviat ions at 
lower v o l t a g e s were due to forward diffusion and convection e f fects . This 
line gave a mobi l i ty of 2.6 c m ' / v o l t - s e c and an apparent contact difference 
of potential of 1.8 vo l t s to be added to the external ly applied potential. This 
calculated mobi l i ty is of the s a m e order of magnitude as published va lues 
for re la t ive ly large ions in a gas at a tmospher ic p r e s s u r e . In fact, it is 
quite c l o s e to the value 2 7 c m ' / v o l t - s e c given for K in N^ by the Amer ican 
Institute of P h y s i c s Handbook, v'0) Simple e s t i m a t e s of the effect of forward 
diffusion and of convect ion in the range from 7 to 1 5 vo l t s indicated that 
each of these was smal l re lat ive to the mobil i ty effect, but not negl ig ible . 
They would be expected to affect the ion current in opposite d irec t ions . 

Due to the g e o m e t r i c a l arrangement of the e l e c t r o d e s , (a , b), 
the va lues of I, C, and a did not enter expl ic i t ly into the determinat ion of 
the mobi l i ty . This was fortunate, as the value of I was not known. It was 
not given by the h igh-current asymptote of the uppermost curve of F i g s . 6 
and 7, s ince exper i ence has shown that an increase of the boat temperature 
would g ive a higher asymptote , but would not change the lower part of the 
curve . Since I was defined as the g r o s s rate of e m i s s i o n , each ion was to 
be counted each t ime it was emit ted , independent of whether the same atom 
had been ionized at the f i lament one or m o r e t i m e s before. It is pos s ib l e 
that the a s s u m p t i o n s made at the outset of the theory might have been 
re laxed somewhat without affecting the above calculat ion of mobil i ty . For 
instance , it might have been a s s u m e d that a fraction of the ions which r e 
turned to the f i lament were ref lected , while the remainder were neutra l ized . 

Along the near ly horizontal portions of the co l l ec t ing-potent ia l 
c u r v e s obtained at a fi lament t emperature of 1460''K, the ion current was 
contro l led pr imar i ly by the rate of supply of ionizable mater ia l . The sl ight 
i n c r e a s e of ion current with voltage was attributed to a d e c r e a s e in the 
effect of v e r t i c a l convect ion current s . 



At T.nwer F i l a m e n t T e m p e r a t u r e s . Under the cond i t i ons of 

low f i lament t e m p e r a t u r e s and r e l a t i v e l y high boa t t e m p e r a t u r e , r e p r e 
sented by the lower 2 c u r v e s of F ig . 7 and the s e g m e n t JD o F ig . 5, 
the ion c u r r e n t s exhibi ted t r a n s i e n t s which s e t t l e d down to v a l u e s 
that were independent of the boat t e m p e r a t u r e a t a l l c o U e c t m g p o t e n t i a l s , 
even the v e r y high ones . T h e s e e q u i l i b r i u m v a l u e s of ion - - e n w e r e 
lower than the r a t e - o f - s u p p l y - l i m i t e d v a l u e s J "^^ ' ^^^^"^^^ f h 1 not co l 
of the ionizable m a t e r i a l which was suppl ied to the f i l a m e n t but not c o l 
lected as ions was depos i ted upon the f i l amen t and could be ion ized s u b 
sequent ly . The amount thus r e c o v e r a b l e i n c r e a s e d wi th t i m e , even a f t e r 
the ion c u r r e n t t r a n s i e n t s had d i s a p p e a r e d . The e q u i l i b r i u m ion c u r r e n t s 
v a r i e d with the f i lament t e m p e r a t u r e a c c o r d i n g to the s t e e p Ime of F i g . 8, 

indicating that the r a t e - c o n t r o l l i n g s t ep w a s a s s o c i a t e d with the f i l amen t ; 

the ene rgy of ac t iva t ion was 4.2 ev. The n a t u r e of the 4 . 2 - e v s t e p r e m a m s 
^ unknown. A l s o , the e x a c t 

n a t u r e of the d e p o s i t upon the 
f i l amen t i s not known. It m a y 
have been in a f o r m d i f f e ren t 
f rom e i t h e r the o r i g i n a l m a t e 
r i a l in the boa t or the m a t e r i a l 
d e p o s i t e d upon the f i l a m e n t by 
back diffusion under h igh -
f i l a m e n t - t e m p e r a t u r e , l ow-
field cond i t i ons . The a v e r a g e 
e n e r g y r e q u i r e d to r e m o v e an 
ion f rom the s u r f a c e is n e a r l y 
the s a m e a s tha t 4.340 ev, 
r e q u i r e d to ion ize a g a s e o u s 
p o t a s s i u m a t o m . T h e r e f o r e , 
if the s i m p l e a s s u m p t i o n s a r e 
m a d e that the p a r t i c l e s on the 
s u r f a c e a r e a d s o r b e d p o t a s s i 
u m a t o m s , and tha t the ions 
a r e p o t a s s i u m ions , t hen a 
B o r n - H a b e r type of cyc l e i nd i 
c a t e s tha t the hea t of a d s o r p 
t ion is n e a r l y the s a m e a s the 
e l e c t r o n i c w o r k function of 
the s u r f a c e . 

The c o l l e c t i n g - p o t e n t i a l 
c u r v e s ob ta ined at low f i l a m e n t 
t e m p e r a t u r e s do not have any 
s e g m e n t which a g r e e s wi th the 
t h e o r y of ion c o l l e c t i o n d i s 
c u s s e d above . It a p p e a r s tha t 

forward diffusion and gaseous convec t ion p r o d u c e the dev i a t i ons a t low 
vo l t ages , and that the t heo ry b r e a k s down at h ighe r v o l t a g e s b e c a u s e the 
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four boat temperatures and a collecting potential 
of 130 V, with dry air in the closed vessel unit. 



drift velocities of the ions are no longer very small relative to the random 
thermal velocities. At the higher drift velocities, the ion mobility is not a 
constant, but varies with the field,(") and, in addition, the rate of back 
diffusion is not given by simple gas kinetics. Also, the higher voltages 
may increase the rate of ionization by lowering the potential barrier that 
must be crossed as an ion is emitted. 
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The enhancement of the rate of surface ionization by an external 
electric field was first discussed by Schottky,('-) and the effect has been 
associated with his name. He assumed that an ion which had been separated 
from a conducting surface by a distance equivalent to a number of atomic 
diameters was still weakly bound to the surface by an "electric image" 
force, of magnitude e'/(2x)' dynes if the charge was e statcoulombs and 
the distance from the surface x cm. An external field E directed outward 
would tend to oppose this force, and the ion would be free when the net 
force dropped to zero. This would occur at a distance from the surface 
given by the relation 

eE = e'/Ux'V (12) 

-KC (13) 

In the present problem, the minimum value of x' would be 115 A. The 
electrostatic potentials associated with the above forces are shown in 
Fig. 9. The potential difference -e/4x, measured from the potential of 

the surface, corresponds to the 
^(j)'" rmuKL.t image fo rce , w h e r e a s -Ex c o r r e 

sponds to the appl ied field. The 
combined po ten t ia l would have a 
m a x i m u m at x = x ' , w h e r e i ts 
va lue would be (eE) s t a tvo l t s 
below that at the s u r f a c e . A c c o r d 
ingly, the r a t e of e m i s s i o n would 
be i n c r e a s e d by the factor 

Fig. 9. Effect of an external elecDlc field E upon the 
potenual banicr overcome by an ion emitted 
from the conducuiig lurface (Schottky effect). 
Electrical quantities are to be meatured in 
abtolute elecuotutlc unlu. dlitance In cm. 

jxp [e(eE)'^ykT] 

in which k is Boltzmann's constant 
and T is the absolute temperature. 
This might be represented by 
straight lines on Fig. 7, with the 

ion current increasing in the range from 0 to 1800 volts by a factor of 
2.12 at 680°C and of 2.16 at 655°C. The upper part of the experimental 
curve at 680*C has less slope than calculated, whereas the 655°C curve 
has more. 



4. Effect of Filament Temperature 

The effect of filament temperature in the c losed-vessel unit 
(see Fig. 3) has already been touched upon in the above discussion. For 

2 in the discussion Fig. 8, obtained at a collecting potential convenience m the discussion, r ig , , . , , u.^^^ lahplled 
of 130 volts has been divided into 3 regions which have been labelled 
"high-temperature region,^" " intermediate- temperature region, and 
"low-temperature region." 

In the high-temperature region the ion currents varied with 
boat temperature (compare with Fig. 5), but not with filament tempera ture , 
nor with time, except for a warm-up period after the eqmpment had been 
off for some time. When the boat current was turned off, the ion cur ren t 
dropped very quickly to its boat-off value. 

On the other hand, in the low-temperature region, the ion 
current tended to be of a transient nature, approaching equilibrium values 
which depended upon the filament temperature , but not upon the boat t em
perature. Recoverable ionizable mater ia l was stored, as discussed m 
the section on Effect of Collecting Potential at Low Filament Tempera ture . 

In the intermediate-temperature region, the ion current de
pended upon both the boat temperature and the filament tempera ture . 
Possibly different mechanisms predominated at different points on the fila
ment, since the temperature varied along the length, due to convection 
cooling and conduction toward the ends. However, the tempera ture spans 
covered by the curved portions of Fig. 8 were greater than the maximum 
temperature differences between points on the active part of the filament, 
by factors of at least 2 for the lowest curve to at least 5 for the highest. 
The temperature of the midpoint of the filament was used in plotting the 
curves. Striking transient effects could be produced in the in termedia te-
temperature region. If the filament temperature was lowered from a 
value in the high-temperature region to one in the in termedia te- tempera ture 
region, the ion current dropped sharply, then rose slowly to a value c o r r e 
sponding to a point on the curved portion of the graph. The transient r i se 
lasted for more than an hour in some cases . Under some conditions the 
ion current increased by a factor greater than 10. Recoverably ionizable 
material was deposited upon the filament during the ion current increase 
and also afterward. 

5. Practical Significance of Ionization and Collection Effects 

When quantitative measurements of chlorine-bearing gases 
are attempted by positive-ion-emission methods, 2 prominent difficulties 
are the lack of reversibili ty and of reproducibility.(13) The modified 
commercial equipment used in making the field tes ts gave a reproducible 
linear response so long as the concentration of Freon did not exceed 
10 ppm.(l) If more was used, the response was nonlinear and the subsequent 
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return to the value for zero concentration was slow. In several new com
mercial units which were tested, the useful range for quantitative meas
urements was even less than from 0 to 10 ppm. The results just discussed 
indicate how it might be possible to extend the range of usefulness of the 
positive-ion-measuring method. 

The products of high-temperature thermal decomposition of 
Freon produce an increase in the rate of release of alkali from the surface 
of a heated alkali compound such as the carbonate. This has been demon
strated in combustion furnace tests and also in flame tests. Quantitative 
rate-of-release tests using chlorine have been discussed above. The intro
duction of Freon has an effect similar to an increase in boat temperature, 
with all other variables held constant. It has not been established whether 
this IS the only effect of Freon. 

A surface covering the model discussed previously (see Fig. 4) 
would be a 3-dimensional graph of the ion current as a function of the fila
ment temperature and collecting potential for one rate of supply of ionizable 
material, that corresponding to a boat temperature of 555°C. Similar 
models might have been constructed for other rates of supply if more ex
tensive data had been obtained. However, it is not necessary to complete 
more models in order to show the relation between them, since Figs. 6 and 
8 picture cross sections of a number of such models. A change in the rate 
of supply of ionizable material would produce a nontransient, reversible 
change in ion current only if the filament temperature and the collecting 
potential were each high enough so that the ion-current values, before and 
after the change, both fell upon the plateaus of the 3-dimensional graphs 
corresponding to the 2 rates of supply. It is necessary to fulfill this con
dition in order to make quantitative measurements. To provide a long, 
useful concentration range, the filament temperature should be as high as 
possible, the collecting potential as high as possible without danger of 
gaseous breakdown, and the rate of supply of alkali as low as possible. 
Ion currents exceeding the useful range should be avoided, if possible, or, 
as a relatively poor second choice, stopped quickly after they appear. The 
geometrical arrangement of the electrodes should be so arranged that the 
gas makes good contact with the source of ionizable material and the mate
rial from this source is spread over a large area of the ionizing surface. 

The modified commercial detector used for field tests had 
been operated so as to satisfy some of the above requirements. The sensi
tive unit had been operated for a very long time, so that its background 
was very low, even at high temperature. Also, both the temperature and the 
collecting potential were maintained at relatively high values. However, 
the mechanism of the commercial unit is complicated by the fact that the 
collector is heated, so that ions which have been collected may be released 
subsequently as neutral particles and then possibly be ionized again. 



6. The Effect of Various Gases upon Ionization and CoUectio^ 

For the practical application of the posi t ive- ion-emission 
method to atmospheric diffusion studies, the gases of ^ f " ^ ^ ^ ^ / / J ^ " ^ ^ , 
normal constituents of the atmosphere at the test site, the t r ace r gas. and 
any other additives, such as the hydrogen used in the published field 
tests.(1) For studies of the mechanisms of operation of the measur ing de
vice, any gas is of interest if it affects the operation. 

The effects of gases singly and in combination have been only 
partially investigated. The following have been used sometimes as the 
principal or carr ier gas, at other times as an additive: air , nitrogen 
oxygen, carbon dioxide, hydrogen, helium, and argon. Gases used only as 
additives include water vapor, methane, propane, butane, and ethyl alcohol, 
beside trace quantities of halogen-bearing gases. The c a r r i e r gas m a 
positive-ion apparatus serves as a transfer medium, and in addition some 
of its components may enter into reactions with gases or solids. The 
effects of the transport properties of the gas a re reproducible and are 
reasonably simple in principle, although, as noted above, they may be 
quite difficult to describe with equations. The effects of the reactive or 
chemical properties have been found to be much more difficult to evaluate. 

It was observed during the ear l ies t studies with the commerc ia l -
type detector that water vapor and hydrogen could affect the ion current . 
In order to make measurements upon atmospheric samples without in ter 
ference from water vapor, a cold trap was used which would pass Freon-12 
but would reduce the concentration of water vapor to a very low level. The 
mechanism through which water vapor affects the ion current is not known 
with certainty. However, it has been established that the potassium 
carbonate-containing boat in the closed-vessel type of equipment can take 
on water vapor when cool and re lease some of it when heated. Unless it is 
heated extremely slowly, the salt may decompose explosively and contami
nate the filament with fragments. 

With the commercial-type sensitive element, 3 or 4% hydrogen 
added to the air stream lowered somewhat the background ion current and 
also the ion current due to Freon, but it increased the stability of operation. 
The mechanism is not completely understood. At least part of the hydrogen 
was burned in the detector, so that the exhaust gas was moist even though 
the entering gas was dry. 

When the noble gases argon and helium and the relat ive stable 
gas nitrogen were each used alone in the closed-vessel- type unit, and when 
helium and nitrogen were used as additives to argon, the background ion-
current effects associated with change in gas composition were essential ly 
immediate, reproducible, and revers ible . The difference between argon 
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and hel ium was attributed to the difference in their physical propert ies . 
Nitrogen a l s o s e e m e d to be a nonreact ive medium. In retrospect , it ap
pears to be very improbable that the effects of res idual air, of oxygen 
in part icular , were ever complete ly removed from the apparatus during 
these teats , in spite of a gas -preparat ion train and of repeated pumping 
and refi l l ing of the react ion v e s s e l . To remove oxygen complete ly , it 
might be n e c e s s a r y to build a s y s t e m that could be baked out and to pro
vide a getter ing dev ice inside the enc losure . 

I..arge background ion-current effects could be produced by the 
use of s m a l l amounts of hydrogen and oxygen, singly and in combination, 
in an a tmosphere of argon that had been passed through a purifying train 
cons i s t ing of a sol id carbon dioxide-a lcohol trap (-78°C) for water and 
hydrocarbons , hot copper (about 700''C) for oxygen, hot cupric oxide (about 
700°C) for hydrogen and carbon monoxide, "Ascarite" (a sodium hydroxide 
preparation) for carbon dioxide, and a second solid carbon dioxide-a lcohol 
trap and a magnes ium perchlorate trap for water passed by the first or 
produced later , and finally hot magnes ium pieces in a s ta in les s s tee l tube 
(about 700''C) for nitrogen. The resu l t s of s evera l type of manipulation are 
presented in Fig. 10 and its legend. 

riCAMCNT TCHPCIIAnjMC.'K 

1 ̂  

Fig. 10 

Potiuvc ion current as a func
tion of filament temperature, 
additives, and time. Curve(1) 
representsaveragcofdata after 
long ruiu(16 to64hr) in argon 
plus 0.33^ hydrogen. Curve(2) 
was obuined after refilling 
with argon • 0.33% hydrogen 
and using Uie "flashing" pro
cedure indicated by ABCDE. 
with AB and CD rcprcscniuig 
Ihe effect of umc, BC and DE 
the effect of temperature. 
Curve (3) ihows the effect 
of adding a trace of oxygen to 
argon plus 0.3;t%by hydrogen 
while condltlnni corTcsp<.>ndcd 
to Ciuvc (2). 

o i ot 



Apparently these gases e - e r e d i n ^ r e a c U o n s m the^eU, c o n ^ m m g ^ 

r y d t ^ o I ^ f r c L ^ o r a ^ s o ^ c U ^ e ^ d t h e l u a m e n t (flashing, see Fig. lO) 
and the other as ociated with the boat (a reduction in the degree of c a r r y -
" e r of t t chlorme effect after the gaseous chlorine had been removed). 

Atmospheric air may contain t races of organic g ^^^^" / / "P ^^"^ 
(C3H,) to the extent of 100 ppm in argon was found to produce marked changes 
of the filament. After a few hours, the filament developed - - 7 - ; ; ^ ^ ! " ^ 
appearance as viewed through an optical pyrometer with red light (6500 A). 
At the same time, there was an increase in the amount ° / ^ ^ / ^ ' ^ u i r e d 
to maintain the filament resistance at a constant value. If the filament was 
turned off and observed at room temperature, it appeared to be dull or 
dark when viewed directly or at low magnification. The pattern of the 
variations of ion current with filament temperature , collecting potential 
and boat temperature suggested that some ionizable mate r ia l had been de
posited upon the filament. These changes could be prevented by using an 
excess (0.33%) of oxygen along with the propane. Less extensive tes ts 
were made with other organic compounds. Butane (C4H10) and ethyl alcohol 
(CJHJOH) appeared to be similar in action to propane, but methane (CH4) 
had little or no effect. As a plausible explanation, it is suggested that the 
organic compounds were decomposed and the filament was coated with a 
nonuniform deposit of carbon, which changed the emissivity of the surface, 
and which possibly trapped a quantity of ionizable mater ia l . 

ACKNOWLEDGEMENT 

The author wishes to express his sincere thanks to the many persons 
who contributed efforts and ideas to this project, especially to Mr. L. D. 
Marinelli who initiated the project, to Mr. W. L. Buck, Mr. J. G. Dodd, J r . , 
Mr. R. H. Hussey, Mr. W. Prepejchal and Mr. R. E. Rowland, who par t ic i 
pated in the laboratory work, and Mrs . Harr iet Newton and Mr. Harry Moses, 
who planned and carried through the field tes t s . 



37 

REFERENCES 

1. H. Moaea, Fourth Atomic Energy Commission Air Cleaning Conference, 
Argonne National Laboratory. November 1955 (Div. of Reactor Develop
ment. Washington, D . C . 1956) TID-7513, Pt. 1, pp. 177-85; 
H. A. Schultz, Anal. Chem. îO^ 1840-1842 (1957). 
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APPENDIX 

THEORY OF NATURAL CONVECTION NEAR A SINGLE 
VERTICAL FILAMENT AT HIGH TEMPERATURE 

The approximate theory of convection derived below has been 
applied in the body of the report to provide semiquantitative explanations 
of the ef fects of the physical propert ies of the c a r r i e r gas upon the ob
s e r v e d ion currents and rates of heat l o s s . The general equations are not 
integrable into c lo sed forms by standard procedures , but 2 specia l c a s e s , 
those of a "thin film" and "thick film." are easy to handle. The der iva
tion is based upon the boundary- layer concept introduced by Prandtl and 
developed by Kramer . Frankl . and others . The s teps of the development 
are s i m i l a r to those used to obtain a published theory of a heated vert ica l 
p la te . ( l '^ ) The calculated rates of heat l o s s are somewhat more than 
one-half the exper imenta l r a t e s , in both thin-f i lm and thick-f i lm e x a m 
p l e s . It i s sugges ted that this is due. at l east in part, to the inadequacy 
of the functions which were chosen to represent the temperature and 
ve loc i ty distr ibut ions along a perpendicular to the heated surface. 

General Case 

B e c a u s e of the s y m m e t r y around the axis of the vert ica l w i r e , the 
problem was set up in cyl indrical coordinates , with the posit ive Z axis 
or iented ver t i ca l ly upward. As in the corresponding theory for a flat 
ver t ica l plate . 2 horizontal planes were drawn an infinitesimal distance 
apart and attention was fixed upon the fluid enc losed between these planes 
( see F ig . A l ) . The t ime rate of change of vert ica l momentum was equated 
to the applied vert ica l f orce s (buoyant and v i s c o u s forces ) . The heat f low
ing into this sect ion by thermal conduction in a horizontal direct ion was 
equated to the heat flowing out by m a s s motion in a ver t ica l d irect ion, 
neglect ing internal heating due to the v i s c o s i t y of the g a s . It was a s s u m e d . 
as is usual in boundary- layer t h e o r i e s , that the ver t ica l component of the 

gas ve loc i ty dropped to zero and the temperature 
dropped tu its constant static value at a finite 
radial distance from the w i r e , r = R(z) (a func
tion of z) . and that the horizontal gradients of 
the 2 var iab les vanished. To be r igorous , it 
would be n e c e s s a r y to allow these quantit ies to 
approach zero asymptot ica l ly as r approached 
infinity, but from the pract ical standpoint, they 
may be neglected beyond a certain finite R. 

Z'iZ 

Fig. Al 
CroM iccuon of volume element 
comldcfed In equatlom 1, and 2. 

The equations for momentum .ind i-nergy 
a r e . respec t ive ly : 

^ / % u ' 2 7Trdr . g /^ '* (Po -p )2 trdr -27Ta(r i^ ) 



and 

^ / puCp(T - To) 27Tr d r = - 27Ta Ik ^ 

J a. 

where the common factor 27T has been retamed to indicate that E^rr dr is 
an element of area. The variables p and T represent the local density of 
the gas and the absolute temperature, respectively, whereas po and !„ 
denote the values a long distance from the filament. The remaming v a n -
able u is the vertical component of the velocity. The constants are g, 
the acceleration of gravity, Cp. the specific heat at constant p re s su re 
(independent of the temperature in the cases studied), T], the viscosity, and 
k the thermal conductivity. The lower limit a is the radius of the wire . 
In deriving these equations, the procedure was analogous to that m the 
flat-plate case, except that it was not assumed(3} that (po " p) was much 
less than p„. or that (p„ - p)/(T - To) was a constant, or(4) that T - To was 
much less than To. In fact, (T - TO)/TO was to vary from zero to 3.33 in 
the region near the ionization filament. In view of this, the relation be
tween density and temperature was expressed by Charles ' Law: 

pT = p„To , (^' 

which was valid because the difference in p ressure between the 2 ends of 
the wire was negligible relative to atmospheric p re s su re . It should be 
noted that, due to the conservation of mass , the radial component of the 
velocity could not possibly vanish all along the surface defined by r = R(z). 

The next step was to assume that the distributions of density and 
vertical velocity component could be represented by 

Po - P = (po - Pi)F(e) (4) 

and 

u = U(z)G(|) , (5) 

in which pj is the density of the gas at the temperature of the wire , U(z) is 
a proportionality factor depending upon z only, and F ( | ) and G(|) are func
tions of r only, expressed in te rms of a new variable I, which is defined 
by the relation 

This variable | varies from zero at the outer edge of the boundary layer 
(r = R) to unity at the surface of the wire (r = a). See Fig. A2. The 



functions F ( 0 *nd G(fJ and their f irst der ivat ives must all vanish at the 
outer edge of the boundary layer (f = 0) to satisfy the assumptions made 
in deriving the differential equations. The value of F(f,) at the wire 
({, = 1) must be unity, and G( K) must vanish, s ince the value of p is p, 
there and it is a s s u m e d that there is no s l ip . These propert ies are 
s u m m a r i z e d as fol lows: 
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F(0) = 0 

G(0) = 0 

F'(0) = 0 

G'(0) = 0 

F ( l ) = 1 

G(l ) = 0 (7) 

Fig. A2 
Particular temperature and velocity dittribution lunctiont F and G in 
lermi of the dimensionless variable i ' R-r/R-a. Equations are 
F(0 • (^ andG(0 • f2( l-f) . 

The assumption that a s ingle F ( 5 ) and a single G(?) are adequate 
to descr ibe the density and veloci ty distributions at all va lues of z i s 
probably one of the weaker parts of the theory. There is experimental 
ev idence for the s imi lar assumption made for the case of the plane wal l , 
with the temperature difference between the wall and the g a s , T, - TQ. 
much l e s s than the initial absolute temperature of the g a s . TQ. 

The density and ve loc i ty distribution functions defined above equa
tions (4.5) were substituted into the momentum and energy equations (1.2). 
and the running variable was changed from r to ?,. The product r dr was 
replaced by its equivalent 

r d r = -a%[6(l - fj + 1] df (8) 

involving the d i m e n s i o n l e s s variable £, defined by the equation 

a (9) 

The l imi t s of the integrals were changed correspondingly . The momentum 
and energy equations (1,2) were thus reduced to the following s y s t e m of 
f i r s t - o r d e r ordinary differential equations: 

a ' - ; - U ' c i K . ^ • Lj) = 
dz £ « L - : - ^ a ' 6 ( K , i * L , ) + £ i ^ G ' ( l ) ^ 

Po Po c 
(10) 



d . ^ Po F ' ( l ) (11) 

dz Pi " 

in which V, is the value of the kinematic viscosity: 

, (12) 

V = r/p 

at the temperature of the wire, a, is the value of the thermal diffusivity: 

/ (13) 
a = k/CpP 

at the same temperature, and the 6 positive constants Ki, and Li, i = 1,2,3, 

are the values of the integrals 

Ki = r (I- i)n.(i)di : Li = rHi(e)d? 
J Q 0 

H,(?) = F(?) H,(?) = F(5)G(4) (14) 

Hsle) = [1 - ^ ^ F(?)][G(e)]' . 
Po 

Two Special Cases 

The 2 ordinary differential equations (10,11) are more complicated 
than those derived for the plane-wall case because of the presence of the 
terms involving K,, K2, and K3. Consequently, it does not appear to be pos
sible to obtain a general solution in a closed form. However, in case the 
constants Kj, Kj, and K3 may be neglected relative to Lj, Lj, and L3, re
spectively, the equations take the same form as in the case of the plane wall, 
and therefore they lead to the same type of solution. This "thin-film" solu
tion is applicable in case the cylinder has a relatively large radius, or in 
case the temperature difference is small. However, under the conditions 
of the high-temperature ionization experiments in argon and helium, the 
relations 

(Thin) 6 << Ki/Li ; i = 1,2,3 

were satisfied only at the extreme lower end of the filament. This sug
gested that a useful approximate "thick-film" theory might be obtained by 
making the alternate assumption; 

(Thick) Ki/Li << 6 ; i = 1,2,3 

The same method of integration may be used for both special cases, 
thin film and thick film. Since z does not appear explicitly in the general 
differential equations (10,11), an equation relating only U and 6 maybe 
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obtained by e l iminat ing dz. The general U. c' differential equation has the 
form of Abel 's equation of the second kind.(5) Either of the 2 approxima
t ions to this equation may be integrated by use of an integrating factor of 
the form UPi*' . in which p and q are constant exponents , different in the 
2 c a s e s . The solut ions are 

Thick stant 

(15) 

(16) 

in which X and ^ are pos i t ive constants representing combinations of 
the coef f ic ients in the differential equations: 

.- ill (i2^ (-sun) 

ga ' Pi(Po- P|) 1 K,K; 
''i Pj F ^ K, 

(17) 

and X' and u' are s imi lar posit ive constants with each K replaced by 
the corresponding L. (The constants X and \' are d i m e n s i o n l e s s . whereas 
tl and / j ' have the d imens ions of ve loc i ty . ) 

There is cons iderable s imi lar i ty between the 2 fami l i e s of so lu
t ions . (15) and (16). m the region of interes t , namely , the first quadrant 
of the U. 4 plane (see Fig . A3). If the constant of integration is pos i t ive . 
U approaches infinity as i approaches zero . If the constant is negat ive . 
6 approaches infinity as U approaches zero . Only if the constant of in
tegration IS zero can U approach zero as t approaches zero . The origin 
is a s ingular point in both specia l c a s e s , a l so in the general c a s e . Both 
a x e s U = 0 and 6 = 0 satisfy the U. '' differential equations. 

FlK. A3 

Asympiotef approached by U. i relation. 

A. thin dim. for imall i. U • [cl/(C2)*)'^ 

B, thick film, for large ». U • (Cj/C^l^ 

In the th in- f i lm c a s e , if the boundary conditions arc chosen to be 
the s a m e as in the p lane-wal l ca se : 



Thin: U = 0, 6 = 0 a t z - 0 

then the parabola 

U' ^z ( 1 9 ) 

Thin: ^=-^rWm 
i s the only solut ion which is p h y s i c a l l y s ign i f i can t . If t h i s r e l a t i o n i s 
subs t i tu ted into the t h i n - f i l m a p p r o x i m a t i o n of the s e c o n d of the o r d i n a r y 
d i f ferent ia l equa t ions (11), the r e s u l t i n g equa t ion m a y be i n t e g r a t e d a t 
once to obtain 

Thin: U = C i ( z - z i ) ' / ^ ; 6 = C^ (z - z^)^/^ , (20) 

in which the cons t an t s C; and C^ a r e c o m b i n a t i o n s of the c o e f f i c i e n t s of 
the d i f ferent ia l equa t ions and zi i s a c o n s t a n t of i n t e g r a t i o n , wh ich m u s t 
be set equa l to z e r o to sa t i s fy the t h i n - f i l m b o u n d a r y cond i t i ons (18). 

The t h i c k - f i l m c a s e i s app l i cab l e only for l a r g e 6, g r e a t r e l a t i v e 
to L ' / K i , i = 1,2,3. A c c o r d i n g l y , the c o n s t a n t of i n t e g r a t i o n in ( l 6 ) n e e d 
not be r e s t r i c t e d to z e r o . The f i r s t q u a d r a n t of the U, 6 p lane i s d iv ided 
into 2 r eg ions by the cubic ( see F i g . A3) 

U = • 
X+ (8/5) 

(2 i ; 

If the cons tan t of i n t e g r a t i o n i s p o s i t i v e , the i n t e g r a l c u r v e l i e s wi th in the 
reg ion bounded by the U ax i s and the cub ic , and a p p r o a c h e s both t h e s e 
bounda r i e s a s y m p t o t i c a l l y with i n c r e a s i n g U. If the c o n s t a n t of i n t e g r a t i o n 
is nega t ive , the c o r r e s p o n d i n g i n t e g r a l c u r v e l i e s on the o the r s ide of the 
cubic , in the reg ion bounded by the cubic and the 6 a x i s , and a p p r o a c h e s 
t he se b o u n d a r i e s a s y m p t o t i c a l l y with i n c r e a s i n g 6. A c c o r d i n g l y , a l l p o s s i 
ble phys ica l ly s ignif icant p o r t i o n s of the so lu t ion ( l 6 ) a p p r o a c h the cub ic 
(21) f rom one side or the o the r as U and 6 both b e c o m e l a r g e . F o r any 
given cu rve of the fami ly , the U dev ia t i ons f r o m the cubic v a r y a p p r o x i -
m a t e l v as 6"'' ' or U~' ' ' , and the 6 dev ia t ions a p p r o x i m a t e l y a s 6" ' or 
U~^ ' for X<<1 as in the ion iza t ion e x p e r i m e n t s . 

The p a r a b o l a (19) and the cubic (21 ) r e p r e s e n t e d by A and B of 
F ig . A3 a r e a s y m p t o t e s a p p r o a c h e d a t U and 6 v e r y s m a l l and U and 6 
v e r y l a r g e , r e s p e c t i v e l y . The c o r r e s p o n d i n g U, z and 6, z r e l a t i o n s 
a r e : in the th in - f i lm c a s e , equa t ions (20); in the t h i c k - f i l m c a s e , 

U = Cl (z -z„)'^2 ; 6 = Cj (z - zo)'/ ' ' , (22) 

in which Cj and C^ a r e c o m b i n a t i o n s of the coe f f i c i en t s of the 2 t h i c k - f i l m 
equat ions and ZQ i s a cons tan t of i n t e g r a t i o n , yet to be e v a l u a t e d . 
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To determine whether or not the asymptot ic th ick-f i lm solution 
{Zl.ZZ) wil l be useful in a part icular problem, it is n e c e s s a r y to evaluate 
the var ious constants numer ica l ly . The constants C, . Cj . C',. and C^ were 
introduced above to represent combinations of the constants of the differen
tial equat ions: 

Thin: 

Thick 

(CD' 

(CD* 

N-

Cf = 

c| = 

N = 

Po' 
• 8 

af 

a, 

(Po-

Pf 

Po 

• ( ^ 

P o ( P o -

' Pf 

gf 

ga ' 

A . 

p< 

P o -

(^) 

Pi) 4 L , F ' ( 1 ) 

3 L j [ - G ' ( l ) l 

1 
N' 

PC -1 F ' ( l ) [ - G ' ( l ) ] 

- Pi 3 L,Lj 

iV 5 L j F ' d ) 
lj 3 L , l - G ' ( l ) | 

P,) 6K,F ' (1 ) 
5Kj[-G'( l ) ] 

1 6 F ' ( l ) ( -G' 
P, 5 K,K, 

? 8 KjF' ( l ) 

1 
TT 

(1)1 

N 

N 

{Zi) 

(24) 

In these equations Pi /Po and (Po - P\)/Po depend only upon the t e m p e r a 
ture condit ions of the problem. The va lues of F ' ( l ) . G' ( l ) , K,. Kj. L, , and 
Lj depend only upon the functions F and G chosen to represent the radial 
densi ty and ve loc i ty d is tr ibut ions . The va lues of Kj and Lj depend upon 
both the t emperature condit ions and the radial distribution functions. Only 
the diffusivity a, and the kinematic v i s c o s i t y v, depend upon the part icular 
gas used . 

Application to Ionization Exper iment s 

To approximate the condit ions of the ionization e x p e r i m e n t s , the 
t e m p e r a t u r e s of the gas and the f i lament were taken as To = 300°K and 
T | = ISOC^K. r e s p e c t i v e l y , and the corresponding density rat ios b e c a m e 
Po/p I - ^ ^nd (Po - P\)/p\ - "tf- '^^^ radius a of the wire was 0.015 cm. 
The value of the diffusivity at the temperature of the f i lament was taken 
a s a, = 19.88 c m V « e c for he l ium and as 2.52 for argon, based on conduc
t iv i t i e s computed for 1300°K by the use of r o o m - t e m p e r a t u r e va lues and 
c l a s s i c a l co l l i s i on theory , a s suming Lennard-Jones in termolecu lar poten
tial functions.C") The Prandtl number V|/a , was taken as •*•. the value of 
c l a s s i c a l c o l l i s i o n theory for monatomic g a s e s . 



The s i m p l e s t p o l y n o m i a l s which sa t i s fy the cond i t i ons (7) r e q u i r e d 

of F ( | ) and G(? ) at I = 0 and e = 1 a r e (see F i g . A2). 

F ( | ) = i' ; G(?) = 4^(1- i) 
(25) 

which ca se 

F ' ( l ) = 2 ; K, = l / l 2 ; K, = l / l 0 5 ; K3 = 2 . 6 5 5 x 1 0 ' 
3 

- G ' d ) = 1 ; L , = 1/3 ; L , = 1/30 ; L3 = 6.471 x 10"^ 

(26) 

The cons t an t s of the a s y m p t o t i c t h i c k - f i l m and the t h i n - f i l m s o l u 

t ions t u r n out to b e : 

Thick Thin 

He: 

A: 

N = 

c, = 
Cz -

c, = 

= 17.42 

= 130.6 c m ' / y s e c 

= 90.39 c m " ' ^ ' 

= 45.4 cm"'^^ 

H e : 

A: 

N' : 

c\ = 
C'z -

C'z -

= 12.82 

: 171.6 c m ' ' ' y s e c 

= 422 .5 cm" '^^ 

= 150 cm" '^^ 

It is to be noted that N and N' a r e m u c h l a r g e r than vja.^, so tha t if t he 
v i s cous f o r c e s at the s u r f a c e of the w i r e w e r e n e g l e c t e d r e l a t i v e to the 
i n e r t i a l f o r c e s (by se t t ing v^ = 0), N and N' would be d e c r e a s e d by only 
4 and 5%, r e s p e c t i v e l y , Cj and C\ would be i n c r e a s e d by about 2%, and C2 
and C2 d e c r e a s e d by about 1%. 

The c o o r d i n a t e s Uj , ^j of the i n t e r s e c t i o n of the q u a d r a t i c and 
cubic U , 6 r e l a t i o n s (see F i g . A3), and the c o r r e s p o n d i n g v e r t i c a l d i s t a n c e 
7.\ d e t e r m i n e d by the t h i n - f i l m r e l a t i o n (20) a r e : 

H e l i u m A r g o n 

61 = 5.404 61 = 5.404 

Ul = 2.806 X 10"^ c m / s e c Ui = 2.214 x 1 0 " ' c m / s e c 

c m 

The value of 61 is somewha t g r e a t e r than L I / K I = 4 , L ^ / K ^ = 3 .5 , and 
1^3/^3 = 2.430. The v a l u e s of z.\ a r e so s m a l l r e l a t i v e to the l eng th of the 
w i r e , L = 8.1 cm, that it is r e a s o n a b l e to n e g l e c t the s t a r t i n g s e c t i o n 
comple t e ly in c o n s i d e r i n g the cond i t ions n e a r the u p p e r end of the w i r e and 
to u s e the cubic U, 6 r e l a t i o n (21) and the c o r r e s p o n d i n g z e q u a t i o n s (22) 
with Zo = 0. To check on the va l id i ty of t h i s a p p r o x i m a t i o n , the g e n e r a l 
d i f ferent ia l equa t ions for a r g o n w e r e i n t e g r a t e d by an a p p r o x i m a t e n u m e r i c a l 
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method, and the va lues of U and 6 obtained for the top of the wire were 
about 1.5% lower than those g iven by the th ick-f i lm equations. As the 
ca lcu lated U. 6 relat ion made the transi t ion from quadratic to cubic, for 
v a l u e s of U near U, ( see F ig . A3), the va lues of 6 dropped to 80% of the 
va lues g iven by the discont inuous curve made up of the quadratic and the 
cubic ( see F ig . A3). 

The rate of heat l o s s from the filament by convection will be equal 
to the rate at which heat is carr i ed upward through a horizontal plane at 
the top of the f i lament , which is just the integral in the second of the 
or ig inal differential equations (2) evaluated at z = L = 8.1 cm: 

P = J,^'^ (puCp(T-To)]^^^^ 27rrdr (27) 

The factor J . inser ted h e r e , may be used to convert from thermal to 
mechanica l units . After e l iminating T through use of Char les ' Law (3) 
and transforming the v a r i a b l e s as above, the power equation a s s o c i a t e d 
with the cubic U. 6 re lat ion reduces to 

Thick P = J{Z-nCp)(Po- Pi)To^'i^z[Vi% = L 

= J(27rCp)(Po- p D T o a ' K j C . C f L * / ' (28) 

Since argon and he l ium are both monatomic . each of the products Cp Po and 
Cp PI has the same value for both g a s e s , provided the va lues of To and T, 
are the s a m e . Since Cj is a l so independent of the g a s , the power depends 
upon the gas only through the factor C^. and therefore the power is pro 
portional to a f = (k, /CpPi) '^' and thus is proportional to k f (evaluated 
at Tj) . Since the thermal conductivity of he l ium at the temperature of the 
f i lament is 7.89 t i m e s that of argon, the above equation indicates that the 
power l o s s e s by convect ion will be in the ratio of 3.96 to 1 It should be 
noted that this ratio does not depend at all upon the radial distribution 
functions F (^) and G( f) that are chosen , so long as the same are used for 
both g a s e s . 

Two other rat ios are independent of the choice of the F and G 
functions. For a g iven altitude z the ve loc i ty functions U have identical 
v a l u e s , and the f i lm t h i c k n e s s e s 6 vary as a } " , so the f i lm in he l ium turns 
out to be 1.99 t i m e s as thick as that in argon. 

To ca lcu la te numer ica l va lues of P , U, and c . ii is n e c e s s a r y to 
c h o o s e spec i f ic functions F(f.) and G(f.). Using the functions mentioned 
above . (25). and the corresponding constants C, , 
la ted. the va lues in Table I were obtained. 



16.1 
1.93 

55.7 
0.65 

12.2 

34.6 
3.5 

4.07 
0.98 

55.7 
0.34 

65.0 

10.7 
3.5 

31.1 7.2 

Table I 

THICK-FILM CALCULATIONS COMPARED WITH EXPERIMENT 

Helium Argon 

Power P , watts 
Radius of disturbance R = a[6(L) + 1], cm 
Maximum velocity (4/27)U(L), cm/sec 
Radius of velocity maximum a[6 (L)/3 + l ] , cm 
Maximum Reynolds number 

Experimental 
Power, watts, total 
Allowance, radiation and ends^ 

Net Convection 

acomputed radiation ra te , 1.5 watts. Est imated end losses , 2 watts. 
End losses in a vacuum, 3 watts, were used for the gaseous case 
in ANL-5755, but optical pyrometer measurements of the incan
descent portion of the filament indicated that the tempera ture 
gradient near the ends was smaller in gases than in a vacuum. 

The calculated power values are a little more than one-half the 
experimental values (52% for helium; 57% for argon). Possibly, the pr in
cipal reason is that the arbi t rary F and G functions constitute a less 
efficient combination than those which exist in experiments . The d i s t r i 
butions produced by experiment will certainly be influenced by the depend
ence of viscosity and thermal conductivity upon tempera ture . Also, it is 
probable that F and G will vary with z. Several different combinations 
of F and G were tried, and some were found to be somewhat more effective 
in dissipating heat than the above parabolic F and cubic G. 

Another source of e r ro r is the influence of the collectors and the 
upper guard ring, which is neglected in the above theory. Since these 
electrodes lie on a cylinder of 1.3-cm radius, they would be expected to 
affect the convection pattern in helium, at least near the top of the filament. 

Application of the Thin-film Case 

The thin-film theory was compared with the empir ical relation 
given by Touloukian, Hawkins, and Jakob(7) to summarize their work with 
cylinders of 2.75-in. diameter and 6 to 36 in. in length, in water andethylene 
glycol, with maximum temperature differences of 83.5°F. The ra tes of heat 
loss , calculated through the use of the specific F and G functions above 
(2,5), average 63% as great as given by the empir ical relation (61% for water 
and 66% for ethylene glycol). Also, the calculated values of 6, the ratio 
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of the film thickness to the radius of the cylinder, are much less than the 
rat ios Lj/Ki. i = 1.2.3. as they must he if thr thin-film theory is to be 
applied. 

To make the comparison, the thin-film theory was specialized for 
small temperature differences and for liquids, and the resulting relation 
for power loss was written in dimensionless form. In the theory as given 
above, only the original partial differential equations (1.2) are applicable 
to either gases or liquids. If the temperature differences are small, 
these Z equations may be simplified somewhat by replacing p by po except 
in the buoyancy t e rm on the right-hand side of (1). where Po - p is replaced 
by using the equation of expansion: 

P, 
^ ( T - T o ) (29) 

in which )5 is the coefficient of volumetric expansion (which may be set 
equal to I / T O in the case of a gas). Also. 1 and k are taken as constants, 
and in the case of a liquid Cp is replaced by the specific heat C. In view 
of the equation of expansion. F(" ) is redefined through 

T - To = (T, - To) F( ?) (30) 

U the derivation is car r ied out as before, the results are the same as if 
the above substitutions were made in the final solutions and the temperature-
dependent t e rm (Po - Pi )F(?) /po was dropped from the definition of Kj and 
L3. The theoretical thin-film heat- loss relation, in dimensionless form, is 
then 

N Nu 
74Y L,L,F ' ( l ) ] '^«fgp(T,-To)L>| '^ ' ' r^f^ ' rv 5L3F'(1)] 
\7) -G'd) J [ ~i J [aj [a 3L,(-G'd)jJ 

The Nusselt number 

-1/4 

(31) 

NNU = hL/k (32) 

is defined in te rms of a new variable h. which is the surface coefficient of 
heat t ransfer , the average rate of heat loss per degree difference between 
the initial temperature of the fluid and the temperature of the surface. The 
first bracketed factor in (31) represents a proportionality constant, the 
second is the dimensionless Grashof number NQ^ (with L as character is t ic 
dimension), and the third and fourth are functions of the dimensionless 
Prandtl number N p , = v/a. 



The above a u t h o r s ' e m p i r i c a l r e l a t i o n w a s 

N N U = 0.726 (NGr T^P^" • 

The P r a n d t l n u m b e r s given in the p a p e r a r e 2.43 for w a t e r and 1 1 ^ ^ ^ ^ ° ^ 
e thylene g lycol . On the b a s i s of the s i m p l e F and G func t ions (22) a b o v e , 
U = rk when the dens i ty d i f f e r ences a r e s m a l l , and the s e c o n d t e r m m 
the l a ^ b r a c k e t of (31) h a s the va lue of 0 .952. In th i s c a s e the v i s c o u s 
f o r c e s a r e m o r e i m p o r t a n t than the i n e r t i a l f o r c e s , e x a c t l y o p p o s i t e to the 
ca se of the fine w i r e at h igh t e m p e r a t u r e in g a s . The p r o d u c t "^ the l a s t 2 
b r a c k e t s of (31) dev i a t e s f r o m 0.959 (^^/a) '^*by only 4 . 1 % at e a c h of the 
above 2 v a l u e s of v/a. If t h e s e 2 b r a c k e t s a r e r e p l a c e d by t h i s a p p r o x i 
m a t e v a l u e , equa t ion (31) t a k e s the f o r m of the e m p i r i c a l r e l a t i o n (33), 
with the n u m e r i c a l cons t an t r e p l a c e d by 

4V L i L 2 F ' ( l ) 

(f) - G ' ( l ) 
(0.959) = 0.460 , (34) 

a r e which is 63.4% of the e m p i r i c a l va lue 0 .726. C a l c u l a t e d v a l u e s of 6 
al l l e s s than 0.22, which s a t i s f i e s the condi t ion tha t 6 m u s t be s m a l l r e l 
a t ive to L I / K I = 4 , L2/K2 = 3.5, and L3/K3 = 2 .67 . 
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